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Chapter  VII. 


CURVILINEAR  FLIGHT  OF  AIRCRAFT. 

7.1.  Conditions  of  tne  emergence  of  curvilinear  motion  and  it.r, 
special  feature/peculiarity. 


During  the  steady  motion  of  aircrait  along  straight  path,  all 
the  acting  on  it  forces  are  mutually  balanced.  The  disequilibrium 
centiliter,  that  act  on  aircraft,  will  lead  to  the  appearance  of  the 
corresponding  accelerations,  atid  aircraft  will  initiate  to  accomplish 
unsteady  motion  along  complex  curved  path- 


In  the  general  case  the  disequilibrium  of  external  forces  lead:', 
to  the  appearance  of  tangential  acceleration  (ft).  which  coincides 
with  direction  of  flight,  and  normal  (/,),  perpendicular  toward 
heading  (Fig.  7.1).  The  tangential  acceleration,  which  appears  during 
a change  in  the  thrust/rod,  the  diags,  to  weight  component  in  the 
direction  of  motion,  produces  change  in  the  flight  speed  (retards  or 
accelerates  t lie  motion  of  aircraft).  The  normal  acceleration,  which 
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appears  during  a change  in  the  hoisting  anu  Lateral  aerodynamic 
forces,  with  the  normal  weight  component  of  aircraft,  leads  to  a 
change  in  the  flight-path  curvature.  Thus,  necessary  the  condition  of 
curvilinear  flight  is  the  presence  of  normal  acceleration. 


Aerodynamic  forces  (drag,  hoisting  and  lateral  force)  they 
depend  on  the  flight  speed,  angles  of  attack,  angles  and  angles  of 
deflection  of  aerodynamic  ccntiollers.  Along  the  conditions  of  flight 
safety,  the  slip  angles  usually  are  small  and  therefore  the 
unbalanced  force,  which  appears  during  the  appearance  of  a slip,  it 
is  obtained  also  small.  The  large  unbalanced  force  is  obtained, as  a 
rule,  as  a result  of  a change  in  the  angle  of  attack. 


*4 


Pig.  7.1.  Projections  of  acceleration  on  the  axis  of  wind  coordinate 
system  in  flight  of  aircraft  along  curved  path. 
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Fig.  7.2.  Diagca*  of  the  flow  about  the  aircraft  during  curvilinear 
flight  in  horizontal  plane. 


7.3.  Bi.gra.  of  tk.  flo.  „,out  the  Iirotm  auting  c<r,iUnejr 
flight  xn  vertical  plane. 
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normal  acceleration  connected  with  flight  speed  anJ  t hf>  radiu 
of  curvature  of  trajectory  by  relationship 


(7.1) 


from  which  follows  that  the  normal  acceleration  grow/rises  with  an 
increase  in  the  velocity  of  flight  <md  a decrease  in  the  radius  of 
curvature  of  trajectory. 


In  com mon/general/ total  the  case 
can  be  accomplished  in  ary  plane.  For 


flat/plane  curvilinear  motion 
the  aircraft  of  the  civil 
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aviation  the  greatest  interest  they  represent  curvilinear  motions  in 
vertical  plane,  for  example  under  the  conditions  of 
al ign men t/le vel li ng , and  in  horizontal  - during  the  fulfillment  of 
bank/turns.  Flow  lines  in  the  turned  motion  of  the  air  flow,  which 
flows  around  aircraft  during  its  motion  along  curved  paths  in 
horizontal  and  vertical  planes,  are  bent  (Frgs.  7.2  and  6-3),  which 
leads  to  a change  in  the  local  true  angles  of  attack  and  s 1 i r>  of  *ho 
different  ceil/elements  of  aircraft-  These  changes  the  more  greater, 
the  further  is  arranged  the  ce ll/element  of  aircraft  from  its  center 
of  mass.  The  greatest  changes  in  the  angles  of  attack  and  slip  will 
occur  of  tail  assembly.  So,  in  flight  of  aircraft  along  curved  path 
in  horizontal  plane  (Fig.  7.2)  as  a result  of  the  distortion  of  flow 
lines  slip  angle  of  vertical  tail  assembly  will  change  by  the  value 
of  A(J,  o.  which,  in  turn,  will  lead  to  the  appearance  of  the 
supplementary  lateral  force  of  the  A Z,0.  which  impedes  the  rotation 
of  aircraft.  In  flight  of  aircraft  along  curved  path  in  vertical 
plane  (Fig.  7.3)  appears  the  supplementary  lift  of  the  AJVo.  also 
inhibiting  to  the  rotation  of  aircraft. 
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And  in  that,  and  in  another  case  tor  the 

p re servation/retention /maintaining  of  curvilinear  motion  is  necessary 
the  supplementary  deflection  of  controls  to  the  side  of  rotation. 


7.2.  Curvilinear  motion  in  horizontal  plane.  Bank/turn  and  its 
characteristic. 


Curvilinear  movement  in  horizontal  plane  is  called  bank/turn. 
Eank/turn  can  be  fulfilled  with  slip  without  bank,  with  bank  without 
slip,  and  also  with  simultaneous  slip  and  bank. 


bank/turn  with  slip  is  realized  by  the  deflection  of  rudder*  in 
this  case  on  control,  is  created  the  torque/moment,  which  turns 
aircraft.  The  appearance  of  a slip  leads  to  the  emergence  of  the 
lateral  force  of  Z,  which  determines  centripetal  force  (Fig.  7.4a). 


The  centripetal  force,  with  bank/turn  only  with  bank,  is 
determined  by  the  projection  of  lift  on  horizontal  plane  (Fig.  7.4b). 
Since  lift  in  this  case  will  be  more  than  the  weight  of  aircraft, 
bank/turn  with  bink  can  be  realized  either  by  an  increase  in  the 
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angle  of  attack  with  the  preset  vat ion/reto n t ion/m ai nt a i nin q of  flight 
speed  or  by  an  increase  in  the  velocity  of  flight  at  tha  fixed  anqle 
of  attack.  An  increase  in  the  angles  of  attack  is  restricted  to  the 
possibility  of  flow  separation  from  wing  and  the  loss  by  the  aircraft 
of  stability  (usually  these  phenomena  begin  to  be  exhibited  with 
«>aai;);  therefore  banx/turn,  as  a rule,  it  is  fulfilled  at 
increasing  speed- 


With  bank/turns  with  simultaneous  slip  and  bank,  the  centripetal 
force  is  determined  by  the  sum  of  the  projections  of  the  lateral  and 
lift  forces  on  horizontal  plane.  With  slip  to  external  plane,  the 
lateral  force  increases  centripetal  force  (big.  7.ba),  with  slip  by 
internal  (Fig-  7.5b)  - it  decreases. 
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forces,  which  act  on 


with  bank  with  exter 
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The  fundamental  characteristics  of  bank/turn  are  the  radius  of 
baitk/turn  and  the  time  of  the  fulfillment  or  bank/turn,  necessary  for 
the  fulfillment  of  turn  on  2ir  is  qlad-  The  values  of  radius  and  time 
of  bank/turn  are  determined  by  the  value  of  centripetal  force. 


Centripetal  force  is  connected  with  speed  and  radius  of 

V ' , ;■ 

bank/turn  by  formula 


* 


and  consequently: 


mVl„. 

^HMP 


(7.2) 


- "lV“p 

,HP_  Rn  ‘ 


(7.3) 
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Jf  bank/turn  it  is  fuliilled  at  constant  velocity,  then  the  time 
of  bank/turn 


2 1 r, 


NNp 


BNp 


(7.4) 


7.3 


Standard  rate  turn. 
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of  all  forms  of  bank/turns  simplest  is  the  calculation  of  the 
so-called  correct  bank/turn,  i..e.,  bank/turn  only  with  bank  and 
without  slip.  As  it  follows,  from  Fig.  7.4b,  with  the  correct  steady 
turn  they  occur  of  equality 

Rn—Y  slny.  J = Kcosy 


or  taking  into  account  relationship  (7.2) 


(7.5) 


Page  139. 
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According  to  (2.14)  the  ratio  of  lift  to  the  gross  weight  of 
aircraft  equal  to  the  normal  load  factor  of  therefore  from  the 

second  equality  of  system  (7.5)  it  is  possible  to  obtain  relationship 


n„=- 


COS  f 


(7.6) 


from  which  it  follows  that  foi  the  preservation/retention/maintaining 
of  motion  in  horizontal  plane  with  an  increase  in  the  normal  load 
factor  must  increase  the  roll  attitude.  Further  more,  from  equality 
(7.6)  it  is  evident-  also  that  the  bank/turn  with  attitude  r = */2  is 
glad  rn  horizontal  plane  cannot  be  carried  out,  since  it  requires 
nv~oo. 


System  (7.5)  makes  it  possible  to  determine  all  the 
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characteristics  of  the  standard  rate  turn  through  the  g-forco.  So, 
after  dividing  piecemeal  the  first  equality  into  the  second  and 
taking  into  account  that  tgY  = V/jJ—  1,  will  obtain 


(7.7) 


after  substituting  this  value  of  rBlip 
expression  for  determining  the  time  of  the 


in  (7.4),  we  will  obtain 
bank/turn: 


(7-8) 


velocity  on  bank/turn  also  depends  on  g-force  and  can  be 
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determined  from  the  first  equation  of  system  (7.c5)  , if  we  into  it 
substitute  the  value  of  /'»hp  accord  inq  to  (7.7)  and  the  value  of  lift 


Y=c, 


•V* 


■HP  ~ 

2 


producinq  the  indicated  substitution,  we  will  obtain  the 
following  expression  for  a velocity  on  the  tank/turn: 


O fly 

S QCy 


(T.9) 


then  since  in  level  straight  flight 
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rop 


(7. 10) 


i.e.  velocity  on  bank/turn  into  the  V ny  of  tines  the 
appropriate  speed  level  straight  flight. 


more 


Page  140. 
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An  increase  in  the  velocity  of  flight  leads  to  an  increase  in 
the  required  power  on  bank/turn.  For  a steady  turn 


P = X 

N.ftNp  BMP* 

0*-Y„t  cosy, 


hence 


K,.pco»  t 
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or  taking  into  account  (7.6) 


P. 


NHP 


V»HP 


(7.11) 


with  one  and  the  same  angles  of  attack  and  small  mach  numbers 
lift-drag  ratio  in  rectilinear  level  flight  and  on  bank/turn  will  be 
identical;  therefore 


P n .up 
P n . mp 


—n 


»• 


(7. 12) 


i.  e.  the  required  thrust  in  standard  rate  turn  of  the  nv  of  times 
■ore  required  thrust  during  level  flight. 
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Since  the  required  power  of  Na  = PaVm 


Nb.mhP Pii.nHp^imp 

Nn  .rop  P n.ropl^rnp 


n 


■1/1 

* • 


(7. 13) 


thus,  required  power  on  bark/furn  into  the  n*J*  of  times  is 
required  power  for  a straiqht-and- level  flight. 


7.4.  Maximum  hank/turn. 


As  it  follows  from  expressions  (7.7)  and  (7.B),  to  decrease 


more 


radius  and  time  of  standard  rate  turn  possible,  after  increasing 
g-force.  But  the  increase  in  the  q-torce  will  lead  to  an  increase  in 
the  required  power. 
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in  this  case,  the  required  power  can  prove  to  be  more  than  had, 
and  the  fulfillment  of  bank/turn  in  horizontal  plane  will  turn  out  to 
be  impossible. 


Therefore  in  order  to  judge  the  possibility  of  the  fulfillment 
of  steady  turn  with  one  g-force  or  the  other  (Loll  attitude) , on  the 
grid  of  required  powers,  executed  for  a level  flight,  is  constructed 
the  grid  of  the  required  and  available  powers  on  bank/turn. 


Page  141. 

According  to  expressions  (7.10)  arid  (#7.13)  required  power  on 
bank/turn  can  be  expressed  thus: 
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each  angla  of  attack  corresponds  the  completely  determined 
value  or  relation 


;V 


II  . »Mp 


= AV 


3 

•Np  • 


(7.  15) 


which  can  be  found  from  curved  required  power  tor  a level  a straight 
flight  (Fig.  7.6).  Therefore  expression  (7.14)  can  be  rewritten  in 


the  form 
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io  the  grid  of  powers,  by  utilizing  expressions  (7.  15)  and 
(7.10),  it  is  possible  to  apply  the  cubic  parabola  ab,  which 
characterizes  a change  in  the  required  power  for  the  fulfillment  of 
bank/turn  with  the  assigned  angle  of  attack.  It  is  obvious,  to  each 
angle  of  attack  it  will  correspond  the  determined  parabola,  and  to 
each  point  of  paranoia  from  a to  b will  correspond  completely 
determined  the  g-force  and  roll  attitude. 

At  point  b,  the  reguired  for  a bank/turn  power  will  be  equal  to 
the  aaximalLy  possible  available  power  for  the  given  h e ig h t/al t i t ude. 
The  g-force  and  the  roll  attitude,  that  correspond  to  this  point,  are 
determined  from  expression 
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rnp 


YnP  = arccos-— 


r‘»ip 


(7-  16) 
(7.  17) 


and  art  ext  romp  values  of  n and  y,  with  which  it  is  possible  t 
out  a standard  rate  turn  with  the  assigned  angle  of  attack  at 
height/altitude. 

The  bank/turn,  fulfilled  from  Ynp,  is  called  maximum.  A 
and  the  time  of  maximum  bank/turn  can  be  found  from  relationsh 
(7.7)  anil  (7.8),  if  we  substitute  in  them  the  n = nBV : 


^np  "l.p 

(7.18) 

r"p  m 1/ 1 

K V <p~ 

i 

"r  V 

flap 

(7. 19) 

o carry 
given 


radi us 
ips 
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Fiq„  7.b.  To  the  1 e ter  t,  i na  t x on  of  the  velocity  of  standard  rate  turn 
with  the  aid  of  the  curved  available  and  required  powers  f oi  a level 

flight. 

Fig.  7.7.  Curves  of  required  powers  for  a standard  rata  turn. 

Key;  (1).  kW.  (2).  ^ j 1 n i . (3).  km/h. 
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Fig.  7.8.  Characteristics  of  maximum  bank/turn. 


Key:  (1).  s.  (2) 


(J)  . m/s 
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Page  163. 


For  the  analysis  of  the  possible  modes  of  bank/turn  in  all  speed 
range  and  angles  of  attack  of  is  plotted  the  grid  of  parabolas  (Fig. 
7.7).  After  selecting  on  each  parabola  of  the  points,  which 
correspond  to  the  determined  roll  attitude,  it  is  possible  to 
construct  the  curves  of  reguired  powers  for  the  different  roll 
attitudes,  which  make  it  possible  to  examine  all  the  possible 
mode/conditions  of  bank/turn  at  the  given  height/altitude.  So,  for 
example.  Fig.  7.7  shows  that  the  standard  rate  turn  with  bank  y = 

1.1".  to  carry  out  at  the  given  height/altitude  impossibly. 


By  using  curve/graph  (Fig.  7.7)  and  formulas  (7.17),  (7.18), 

(7.19),  it  is  possible  to  calculate  the  extreme  values  of 
Y rnp,  trr  and  to  construct  the  diagram  of  their  dependence  from 

velocity  on  bank/turn  (Fig.  7..  0 ) . 


As  it  follows  fro®  diagram,  the  maximum  value  of  ym.i*  and  the 

minimum  values  of  6,im  and  '' correspond  to  the  completely  definite 

velocities,  whereupon  the  velocities,  which  correspond  to  these 
extreme  points,  are  different.  This  is  explained  by  the  fact  that  the 
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Ynp  depends  only  on  g-  force,  whereas  /Rp  and  they  depend  ev»n 

on  flight  speed. 


in  practice  the  mode/conditions,  which  correspond  r«in  and 
are  not  realized,  since  corresponding  it  angles  of  attack  prove  to  be 
more  than  « but  with  u «,  are  possible  How  separations  from 
winq  ar.d  loss  by  the  aircraft  of  stability  of  motion,  therefore  the 
most  advantageous  mode/cond it  ions  of  bank/turn  corresponds  y . 


The  bank  of  aircraft  on  bank/tutn,  besides  limitation  according 
to  power,  can  be  limited  and  on  others  parameters,  so,  for  example, 
for  passenger  aircraft  bank  on  bank/turn  frequently  is  restricted  to 
the  value  of  the  permissible  normal  load  factor. 


7.5.  curvilinear  motion  in  vertical  plane. 


The  curvilinear  motions  of  the  aircraft  ot  the  civil  aviation  in 
vertical  plane  occur  upon  transition  from  level  fliqht  toward 
reduction/descent,  and  also  in  the  stage  of  alignment/levelling 
during  landing  on  runway.  The  motions  of  aircraft  in  these  flight 
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conditions  ace  beinq  unsteady. 


As  an  example  lot  us  examine  the  flight  of  aircraft  in  the  staqe 
of  a 1 iqnment/le ve 1 1 inq.  The  curvilinear  unsteady  flight  in  vertical 
plane  is  described  by  equations  (2.14).  Taking  into  aooount  that  with 
alignment/le veiling  the  flight  is  made  with  reduction/descent,  let  us 
change  in  the  equations  of  system  (,>.10)  sign  and  6 to 
reverse/in  verse,  i.e.  , during  teduct.  ion/descent  l^t  us  angle  g 
consider  positive,  and  then  equations  accept  the  following  form: 


/■*  4-  G s in  6 — .V  = m — 

dt 

) ' — G i js  0 = —mV  — . 

at 


(7. 20) 
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Fig.  7.9.  Kinematic  ce ll/elements  of  the  curvilinear  flight  of 
aircraft  in  vertical  plane. 
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In  order  to  investigate  the  motion  of  aircraft,  it  is  necessary 
to  integrate  system  (7.20).  Tahing  into  account  that  the  thrust/rod 
of  aircraft  on  landing  usually  strongly  is  throttled,  so  that  it  it 
is  possible  to  consider  egual  to  zero,  and  after  dividing  both  parts 
of  equation  (7.20)  piecemeal  by  weight  of  aircraft,  we  will  obtain 
the  following  system  of  equations: 


sinfl-^ 

K 


nt—  cos  6 


L — • 

g dl  ' 

V_  dn_ 
g dt 


(7.21) 


the  cell/eloment  of  arc  dS,  over  which  moves  the  aircraft  taking 
into  account  angle  Q during  reduction/descent  (Fig.  7.9)  can  be 
written  as 


ds  — — 


(7.22) 
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n„— cos6*=-i-  YL  . (7.25) 


taking  into  account  which  the  second  equation  of  system  (7.21)  it  i 
possible  to  rewrite  in  the  form 


Vi 

g ( ny  — co*  #) 


(7.26) 


equation  (7.25)  makes  it  possible  to  determine  the  radius  of 


curvature  of  the  arc: 
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during  the  performance  calculation  of  al  ignment/le ve 1 i ing  radius 
of  curvature  usually  is  taken  as  as  constant,  to  the  half-sum  of  i + s 
values  in  the  beginning  (V'—V'b.t  8*=0Da)  and  at  the  end 

(V'-V'.Mp,  0*0)  of  the  alignment/level ling : 


r = — ( — 

2 i \n a — COS  Hgj  fly  — 1/ 


(7.27) 


this  simplification  makes  it  possible  to  integrate  system  (7.21) 
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in  the  final  form  and  to  obtain  the  comparatively  simple 
a p pr o x 1 m a t 1 on  formulas  for  the  characteristics  of 
alignment/levelling . 


Page  145. 


Let  us  find  the  speed  of  flight  at  the  end  of  the 
alignment/ levelling.  For  this  purpose,  we  convert  the  first  equation 
of  system  (7.21)  taking  into  account  (7.24)  to  form 


dV 

dt 


(7.28) 


at  ter  separation  of  variables  we  will  obtain  equation 

_rfl/>  = 2 rt  (sin  8-^)  ''®. 
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integrating  which  in  apparitors  from  0«=en„  to  9,wp  and 
to  ^»up  taking  into  account  the  constancy  of  radius  r. 


v\,- V"U-2^rep[^-(e„-e.MP)-(co5e.Mf-co3  ej] . 


(7.29) 


by  set/assuming  in  equation  (7.29)  0»up—O,  we 


from  V'-V'na 

let  us  have 


will  obtaiii 


expresssion  for  a speed  at  the  end  of  the  alignnent/levell  ir.g: 
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\'U  - v"  - 2«r<,  8„  - ( » - cos  6..J] . (7.30) 


solving  (7.30)  together  with  (7.27),  let  us  have 


V* 

BMP 

+ 

I 

* 

(-if 

j Wo  — 2 cos  ft U.1 1 

Jt. 

V* 

r n 4 

( fly  — COS 

cos  ft,,.,  + ( 

CS 

i 

s: 

+ 

(7.31) 

V'*, 2«f  — 2 cos  o,u  — l 

* 2e  («,-  CO*  •„„)  j™»  h,,.,  + (1  + ^)  "»  “2 
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if  we  consider  that  the  a 1 ign ment/le ve 11  ing  is  conducted  at 
certain  average  speed 
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that  from  expression  ( 7 . 32)  it  is  possible  to  obtain  simple  formula 
for  determining  time  t: 


/ 


(7.33) 


Page  14b. 


For  the  more  precision  determination  ot  recovery  time  integral 
(7.32)  must  be  calculated  taking  into  account  expression  (7.24). 


A change  in  altitude  during  a lignroen  t/ le  ve  11  ing  taking  into 
account  angle  & (Pig.  7.9)  can  be  defined  as 


DOC 


76  1 01  336 


PAGE 


t/SH 


dh—  — sin  6r/s, 


whence  after  the  substitution  oi  value  ds  according  to  formula  (7.22) 


<//t  =r  sin  6f/0. 


(7.34) 


integrating  expression  (7.34)  in  apparitors  from  8=0™  to 
8»wp=0  a nd  from  h=Hnn  to  h = Haup,  we  obtain 


c,,  ( — cos  enj. 


(7.35) 


according  to  formulas  (7.31),  (7.33),  (7.35)  it  is  possible  to 

approximately  calculate  the  characteristics  of  al ignment/level 1 ing. 
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the  analysis  of  formulas  (7.31),  (7.35)  shows  tnat  with  an 

increase  of  velocity  ml  gliding  angle  grow/rises  the  height/altitude 
of  the  beginning  of  alignment/levelling.  It  it  is  possible  to 
decrease  by  means  of  an  increase  in  g-fcrce  and  decrease  in  the 
lift-drag  ratio.  Since  the  value  of  the  permissible  g-foree  usually 
is  limited,  decreases  in  the  height/altitude  of  the  beginning  of 
alignment/levelling  frequently  attain  for  a decrease  in  the  lift-drag 
ratio,  making  alig nment/levelling  with  the  released 

interceptor/spoilers,  by  the  air  brakes  and  other  attachments,  wl ich 
increase  the  drag  of  aircraft.  PROBLEMS  FOR  REPETITION. 


1.  Which  conlitioris  are  necessary  for  the  flight  path  curvature 
of  the  flight  of  aircraft?  As  they  are  realized  in  practice? 


2.  how  does  affect  slip  angle  a radius  of  bank/turn? 


3.  Why  required  for  the  fulfillment  or  bank/turn  thrust/rod  and 
power  are  greater  than  during  level  flight? 

4.  Why  it  is  not  possible  to  make  steady  turn  with  coll 
attitude,  large  maximum? 
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PROBLEMS. 

1.  Aircraft  flies  horizontally  with  the  speed  of  Pr„p=500 
km/h.  which  it  is  necessary  to  create  the  g-force  of  n„.  in  order  to 
fulfill  standard  rate  turn  with,  a radius  of  r,,p=:4000  a?  Which  will 
be  required  time  for  the  fulfillment  with  this  of  overload  complete 
fcank/turn  ? 


Answer/response : h,=*I,15;  t = 2 min  16  s. 


2.  Aircraft  accomplishes  at  height/altitude  H = 1000  m standard 
rate  turn  with  a radius  of  r,,p— 5000  ®-  To  determine*  how  one 

should  incieasa  its  Dank  in  order  to  decrease  a radius  of  hank/*urn 
down  to  the  value  of  r.,,,—4200  ■?  Lift  coefficient,  necessary  tor 

fulfillment  at.  this  height/altitude  of  the  steady  level  flight,  to 
accept  equal  0.3.  load  on  wing  G/S  = 3920  N/m?. 


The  answer/responds:  to  0.10^  rad. 
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Chapter  VIII 


GENERAL  FORMULATION  OF  THE 
HA  NDLING. 


$ 


PROBLEM  OF  STABILITY  AND 


^aircraft/ 


H-1.  The  Basic  concepts  and  determinations 
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During  tne  analysis  of  the  motion  of  the  center  of  mass,  wer» 
examined  the  special  cases  when  rotation  relative  to  the  center  of 
mass  is  absent  and  the  main  vector  of  the  external  forces,  which  act 
on  aircraft,  always  is  applied  in  its  center  of  mass,  i.e.  , the  man. 
moment  of  external  forces  is  equal  to  zero. 


In  the  general  case,  which  corresponds  to  the  actual  conditions 
of  flight,  the  external  forces,  which  act  on  aircraft#  lead  to  *-ho 
emergence  of  torque/motnen  ts,  and  therefore  for  determining  the 
behavior  of  aircraft  under  actual  conditions  necessary  research  or 
the  joint  motion  of  the  center  of  mass  and  rotation/revolution  around 
it  under  the  action  of  forces  and  torque/moments. 


In  this  case,  it  is  necessary  to  keep  in  mind  that  the  forces 
and  the  torque/moments,  which  act  on  aircraft,  depend  on  the  velocity 
of  the  motion  of  the  center  of  mass  and  rotat ion/revolut ion  around 
it,  since  during  the  r otation/cevoiution  of  the  atounl  of  the  center 
of  mass  change  tna  angles  of  attack  and  slip  and,  conseguently , also 
the  forces,  which  determine  the  trajectory  of  the  motion  of  the 
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center  of  mass,  in  their  turn,  the  value  of  total  aerodynamic  force 
and  the  center-of- pressure  location  depend  on  trajectory  speed. 
Therefore  with  the  change  of  1 light  speed,  appears  the  supplementary 
torgue/moment,  which  causes  a change  in  the  kinematic  parameters  or 
the  rotation/revolution  of  aircraft  around  the  center  of  mass. 


The  motion  of  the  center  of  mass  along  the  predetermined 
trajectory  is  called  the  basic  motion,  and  the  forces,  which  realize 
this  motion,  they  are  called  by  the  basic  forces. 


Under  actual  conditions  to  aircraft,  at  certain  points  in  time, 
besides  the  basic  forces,  considered  during  the  trajectory 
calculation  of  motion,  can  act  the  secondary  forces,  which  produce 
change  in  the  parameters  of  the  basic  (not  disturbed)  motion.  These 
perturbing  forces  are  or  random  or  subordinate  to  the  determined  law 
as  a function  of  time.  The  phenomena,  which  cause  the  emergence  of 
these  forces,  are  called  the  perturbation  factors. 


Page  14b. 
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By  examples  ot<  the  perturbation  factors  ate  atmospheric  turbulence, 
fuel  jettisoning,  a change  in  the  position  of  the  center  of  mass, 
brought  about  the  d isp lacement/movenent  of  the  passengers  over 
aircraft  in  flight,  the  engine  failure,  the  random  control 
displacement  etc. 


page  ffty 


With  the  perturbation  factors  the  perturbing  forces  appear 
directly  and  indirectly.  In  the  first  case  the  emergence  ot 
perturbing  forces  and  t orgae/moments  is  not  th<  consequence  of  1 
change  in  the  Kinematic  parameters  of  motion.  Py  examples  can  serve 
the  random  failure  cf  engine,  the  pulsation  ot  the  thrust/rod  of 
power  plant,  the  probable  deviations  organs  of  control. 


In  the  second  case  the  perturbing  forces  ana  torgue/momen ts 
appear  as  a result  ot  a change  in  the  flight  speed,  angles  of  attack 
and  slip  and  other  kinematic  parameters  ot  the  motion  of  aircraft, 
caused  by  the  physical  phenomena,  for  example  in  the  presence  of 
vertical  currents  in  the  turbulent  atmosphere  periodically  change  t^e 
angles  of  attack  of  wing  and  horizontal  tail  assembly,  as  a result  of 
which  appear  the  perturbation  aerodynamic  forces  and  t orqu e/momen t s. 

the  changed  under  the  action  of  the  perturbation  impetus 
unlike  basic  is  called  the  disturbed  motion. 
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Let  the  basic  motion  be  determined  by  the  velocity  of  the  motion 
of  the  center  of  mass,  by  the  angles  of  attack  a,  of  bank  r,  of  pitch 

9,  of  slip  p,  of  yawing  by  ana  other  kinematic  parametars,  which 

are  t ht  deteiained  tunctions  of  time,  under  the  action  of  perturbing 
forces,  these  parameters  of  the  motion  of  aircraft  will  undergo 
change.  The  difference  m the  disturbed  motion  from  basic  j(not 
disturbed)  is  determined  by  changes  (variations)  in  the  velocity  AV, 

in  the  angles  of  attack  Aa,  of  the  bank  Ay*  of  the  slip  A(3,  of  the 

pitchAS,  of  the  yiwinj  A and  of  other  kinematic  Pdraa?*»rs  of 
motion.  Variations  in  the  kinematic  parameters  of  motion  A9,  Aa,  A># 
...  are  called  anotner  a ist  urbance/per  t ur  batior.s  (tor  example  a 
variation  in  the  velocity  is  called  disturbance  velocity). 


The  paiameters  of  the  uisturbed  movement  at  any  point  in  time 
can  be  defined  as  s>im  of  the  corresponding  parameter  of  the 

undisturbed  motion  and  its  dis  t ur  ba  nce/per  t ur  ba  t i on : v/=V’„-J-aV^1  o= 

-S.+  40.1*  = ?.+  A Y-Yw+ A #«“.+  **.  ♦-*  + *♦.  ®:  -0.  + A®. 
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In  the  general  case  ot  tne  value  of  d ist  ur  ba  nce/par  turbat.  ions 

^ ^ 

AG,  Aa,  A l',  Ap,  Ay,  A$,  they  can  be  different,  in  given  cnurs( 

are  examined  prel omina ntl y the  slight  disturbances,  which  much  the 
less  corresponding  parameters  of  the  basic  motion  (for  example 

V,>AV0. 


The  uasic  problem  of  the  stability  theory  of  motion  is  research 
on  the  disturbed  motion. 


Page  lug. 


If  after  the  break-down  of  the  perturbation  factors  of  a variation  in 
the  parameters  of  motion  Ad,  Aa,  AfA,  ...  in  the  course  of  time, 
decreasing,  they  become  the  less  preassigned  value,  then  the  state  ot 
motion  or  equilibrium  is  stable.  But  if  the  variations  in  the 
parameters  of  motion  Ad,  Aa,  A£,  ...  in  the  course  of  time  grow/rise 
unlimitedly  or  tney  approach  the  final  limit,  which  exceeds  the 
assigned  magnitude,  then  the  initial  state  of  motion  or  equilibrium 


is  unstable 
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Let  ua  examine  the  stability  of  equilibrium  in  an  example  of 
penaulum  with  the  upper  suspension  (Pig.  8.1a)  or  of  the  ball/sphere 
in  cup  (Fig.  8.1b)  . At  the  lower  point  of  cup,  the  angle  0 between 
vertical  line  and  common/gener a 1/t ot a 1 normal  to  the  surface  of 
bail/sphere  and  cup  is  equal  to  zero  and,  therefore,  the  weight  of 
bail/sphere  completely  is  balanced  by  the  reaction  of  surface. 


It  by  the  action  of  perturbing  force  bail/sphere  is  moved  to  the 
right,  then  angle  0 differs  from  its  zero  value  for  the  value  of 
disturbance/perturbation  A0.  After  the  breax-down  of  perturbing 
force,  force  component  of  weight  G sine  0 approaches  to  decrease  the 
angle  0 down  to  zero  and  thereby  to  return  bail/sphere  the  starting 
position  of  equilibrium.  Consequently,  ball/sphere  at  the  lower  point 
of  cup  has  the  stable  form  of  equilibrium.  Analogously  it  is  possible 
to  demonstrate  the  stability  ot  the  equilibrium  of  pendulum  with  the 
upper  suspension.  The  ability  of  bouy  or  system  to  approach  starting 
position  or  state  of  motion  after  the  break-down  ot 

distur Lance/per turbations  is  called  static  stability.  The  effect  of 
the  resisting  forces  and  friction  contributes  to  damping 
oscillation/vibrations  and  to  the  restoration/reduction  of  the 
initial  state  of  equilibrium. 
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It  di st ur bance/pot t ur bat i ons  are  great,  then  bail/sphere  can  ot 
one  stable  position  of  equilibrium  pass  to  another  (position  c in 
Fig.  8.1b).  This  means  that  the  equilibrium  of  hall/sphere  at  point  A 
is  stable  with  raspect  to  low  and  unstably  with  respect  to  the  finite 
disturbances. 


By  examples  of  the  unstable  form  of  equilibrium  they  can  serve 
the  ball/sphere,  which  lies  on  convex  surface  (Fig.  8.2a),  or 
pendulum  in  the  upper  vertical  position  (Fig.  8.2b).  As  can  be  seen 
from  figures,  under  the  action  ot  the  low  perturbing  forces  not  only 
is  disturbed  equilibrium,  but,  furthermore,  the  tangential  component, 
of  weight  after  the  break-down  of  perturbing  force  attempts  to  take 
away  body  (ball/sphere)  further  from  the  previous  position  of 
equilibrium,  i. e. , to  increase  angle  0. 


With  an  increase  in  the  radius  of  curvature  of  concave  surface 
(Fig-  8.1b)  the  value  of  restoring  force  G sine  0 decreases  and,  as  a 
result,  descends  the  rate  of  the  return  of  ball/sphere  to  the 
starting  position  of  equilibrium.  By  increasing  radius  of  curvature 
to  infinity,  we  will  obtain  the  horizontal  plane  which  will  be  the 
boundary  between  the  stable  and  unstable  forms  of  the  equilibrium  of 
ball/sphere.  This  form  of  equilibrium  is  called  indifferent. 
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Mg.  8.,.  The  scale  equilibria,  of  pendulu.  uith  the  upper 
suspension  ,a,  uni  8.11/s Pber.  in  indentation  on  rigid  surface  . 


g Unstable  equilibria.  of  pendulun  uith  louer  suspension  (b) 

*nd  bdll/sphete  on  solid  convex  surface  (a). 
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The  static  stability  is  the  necessary,  but  not  sutficient 
condition  common/ genera 1/tota 1 or  the  so-called  transient  stability 
ot  motion.  It  characterizes  only  initial  tendency  toward  the 
restoration/reduction  ot  the  initial  motion  or  equilibrium.  For  the 
possibility  of  more  complete  analysis,  it  is  necessary  to  trace  the 
dist u rbance/per t ur bat i ons.  if  disturbance/perturbations  in  the  course 
ot  time  vanish,  or  become  the  less  preassiqned  low  value,  motion 
stable. 


If  ball/sphere,  oeing  located  in  point  B (Fig.  8.1b),  it 
approaches  position  of  equilibrium,  then  in  the  absence  of  the  force 
of  friction  it  will  not  defined  for  long  oscillate  about  point  A, 
without  being  stopped  in  it.  Under  these  conditions  of  static 
stability,  proves  to  ue  insufficiently  in  order  to  return  bail/sphere 
to  state  of  test  at  point  A. 


The  behavior  of  the  basic  forces  during  the  action  ot  the 
perturbation  factors  on  aircraft  lays  out  ot  its  equilibrium  and 
motion.  Let  in  the  initial  undisturbed  motion  of  force  and  the 
torqu e/moraen ts,  which  act.  on  aircraft,  be  completely  balanced.  In 
this  case  they  say  that  the  aircraft  is  balanced,  under  the  action  of 
the  perturbation  factors,  can  change  the  angle  of  attack,  flight 


speed  and  another  kinematic  parameters  of  the  motion  of  aircraft.  r 
changes  in  the  kinematic  parameters  of  motion  are  contribute  to  the 
emergence  of  righting  moments  and  forces,  which  attempt  to  remove 
disturtance/pertur uat i ons,  then  aircraft  will  be  statically  is 
stable.  Otherwise  the  aircraft  will  be  statically  is  unstable. 
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The  manifestation  ot  traisient  stability  is  the  tendency  to  zero 
of  variations  in  the  parameters  ot  the  motion  of  aircraft  in  the 
course  ot  time  after  the  break-down  of  the  perturbation  factors.  The 
stability  level  is  determined  by  the  speed  of  a decrease  in  the 
variations  in  the  parameters  in  time.  The  faster  attenuate  the 
variations  in  the  parameters  ot  motion  in  time*  the  stabler  the 
aircraft.  Tne  degree  of  the  instability  of  aircraft  is  determined  bv 
the  speed  of  tne  increase  of  variations  in  the  parameters  of  motion 
in  time  after  the  break-dcwn  of  the  perturbation  factors.  For 
determining  tne  stability  level  and  degree  of  instability,  they  plot 
a curve  of  the  dependences  of  a variation  in  the  parameters  of  motion 
from  time  (Fig.  8.3). 


Aircraft,  handling  is  tightly  connected  with  a change  in  the 
forces  and  torgue/momen ts,  which  act  on  aircraft.  Conditionally 
differentiate  two  form  of  the  controllability:  static  am  dynamic, 
the  static  control  determines  the  actions,  necessary  either  for  the 
balance  of  aircraft,  in  the  assigned  mode/conditions  or  tor  transition 
from  one  mode/conditions  to  another  not  allowing  for  the  disturbed 
motion,  caused  by  application  to  the  aircraft  of  contLol  forces  and 
torque/moments.  The  dynamic  controllability  determines  the  same 
actions  taking  into  account  tne  transfer  disturbed  motion,  caused  by 
control  forces  and  tor j ue/mome nts. 
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Control  forces  and  torqup/jiom^nts  are  created  by  tha  aircraf* 
controls. 


8.2.  the  equation  of  the  disturbed  motion. 


In  body  coordinate  system  the  motion  of  the  aircraft  it  is 
described  by  equations  (1.22)  - (1-24),  to  which  are  added  three 

couplinq  equations,  which  escape/ensue  of  the  Kinematic  relationship 

l dV , 


m 


m 


m 


,v*)=Rn 


(clV, 

V dt 


(8.2) 


~ + ( J . ~ Jy)  V.  + Jxv  (“A— 


J,  ^-HA-AK-r+A,  (•*»—’)  =M* 

dt 


di  , d\  , „ 

to= sm  », 

x dt  dt 


</» 


= — cos  h cos  v -} s'11  Y* 


dt 


dt 


rftt  rfi  i.  , 

u>, = — cosy cos  ii  siny, 


dt 


dt 


VX  = V cos  ,icos  u, 
V,=  — V cos?s’n  a, 
V,  = V sin  {». 


j (8-1) 
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in  the  given  system  of  equations  instead  of  the  suits  of  the 
projections  of  forces  and  torg ue/moaten t s are  used  the  projections  of 
the  main  vectors  of  the  acting  forces  and  tor q ue/moments, 
furthermore,  index  "1"  is  lowered,  since  subsequently  is  utilized  the 
only  boay  coordinate  system.  Enter  the  right  sides  of  first  six 
equations  of  the  projection  of  the  main  vector  of  ]{  (th^  force  of 

periphery  of  /?*.  the  normal  force  of  py,  the  transverse  force'  of 

- **  omission 

and  of  the  projection  of  the  main  torque/moment  of  M 
functions  of  time  and  kinematic  parameters  of  motion,  system  of 
equations  (8.1)  describes  as  the  initial,  undisturbed  motion  which 
can  be  that  which  was  being  unsteady,  so  also  airplane  disturbance. 

omission  --  (rolling  moment  Mx , yawing  moment  M and  pitching  moment  Mz ) 

The  analysis  of  stability  of  motion  entails  the  search  of  the 
solution  of  system  (8.1)  for  not  disturbed  and  agitated  motions  and 
the  subsequent  study  of  these  solutions.  It  in  the  course  of  time  tha 
solution  to  the  equations  of  the  disturbed  motion  has  as  its 
asymptote  the  solution  to  the  equations  of  the  initial  motion,  then 
this  testifies  to  the  staoility  of  the  basic  motion  (frequently  this 
property  is  called  asymptotic  stability). 


System  of  equations  (8.1)  fairly  complicated;  therefore  for  the 
analysis  of  the  disturbed  motion,  it  is  simplified  by  Linearization. 
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The  essence  of  linearization  entails  the  fact  that  the 
disturbance/perturbations  ate  set/assumed  lew*  in  this  case  the 
disturbed  motion  differs  little  trom  the  initial  undisturbed  motion. 
All  the  kinematic  and  dynamic  parameters  of  the  disturbed  motion  can 
be  represented  in  the  form  of  the  sum  of  the  parameters  of  the 
initial  motion  and  corresponding  d istu i ba nce/pert urba t ions : 


» = ».(*)  + A»(0. 

Y=Yo(0  f *Y(0, 

V\ =^.(0+^(0, 

Vi-VnityviV'd), 

V,=V„(t)  + LV,[t), 

tf,  = *ro  (0  + A*M0. 
A,,=^o(0  + AA',(f), 
(0 + *#.('), 


a = a„(/)  + Aa(/), 

♦ -*b(0  + At(0. 

«r=«x.(0 + *«,(/), 

*,=“/»(')  ! A <•>,  (/), 

^*7.^(0  + &.•«,(/). 

Mv  = A/M(/)  -j-  A •' <„(<). 
Mm  = ^x.(0  + ^ 'U0- 


(8.2) 


(8.2) 
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First  terms  in  the  right  parts  of  the  equalities  determine  the 
parameters  of  the  undisturbed  motion,  the  second,  i.e.,  the 
disturtance/per tur bations,  which  characterize  the  deviations  of 
flight  from  tne  initial  mode/condi t ions. 


Since  in  flight  range  the  angles  of  attack  and  slip  are  small  (a 
< o .2  /\  a 4.)  Jn  I < o.  2 siad  ) the  latter  three  equations  of 
system  (8.1)  are  simplified: 


V^V,  V,^-Va,  V,  = V$.  (8.3) 


during  the  linearization  of  equations  (B. 1)  let  us  assume  to  Le 
variations  in  all  kinematic  parameters  of  motion,  and  also  the  angles 
of  attack  and  slip  low  and  to  disregard  all  terms,  which  contain 
their  products,  and  by  the  degrees  of  the  second  and  ibove  as  by  low 
higher  order  quantities  in  comparison  with  other  terms  of  equations. 
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This  assumption  together  with  relationship  (8.  3)  allows  the 
latter  three  equations  (8-1)  to  write  in  that  which  was  linearized 


for  m : 


V, ===  ^oAu, 

v.-W+W- 


(8.4) 


For  further  simplification  in  the  system  of  equations  (8.1)  we 
assume  that  the  initial  undisturbed  motion  is  the  rectilinear  stable 
flight  and  to  effect  on  the  aircraft  of  perturbing  forces 
rotation/revolution  around  the  center  of  mass  is  absent,  i-e.,  Vo. 
>0,  p 0,  to,  9 „,  it  are  absent  constant  values,  and 
uivo =<.!„,)  = <u,0«*0.  Then  the  variations  in  the  angular  velocities 

are  equal  to  the  quite  angular  velocities  and  are  determined  by 
re  lat  ionsh  i ps 


A«x=«t, 

= <l)„ 


d\f  . rfl!<  , . 

— H sin  i|»§1 

dt  1 dt  T* 

dX  h « l i/lS  I 

-—COS  ft0cosy0+— — sill  Yo. 
dt  at 

d'j  r,  . 

cos  va cos  sin  v0. 

dt  a dt 


i 


(8.5) 


on  the  basis  this  same  assumption  derivatives  of  V*.  Vw,Vt  in 
terms  of  time  are  equal  to: 


i 
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for  the  simplicity  of  recording  in  equations  (d.6|  is  lowered 
index  "by  0"  at  the  values,  belonging  to  the  initial  motion,  and  mark 
"A"  for  angular  velocities,  since  latter  are  equal  to  tha  appropriate 
increases  (in  the  initial  mode/condi  tions  rotation/revolution  is 
absen  t)  . 


In  order  that  linearization  is  bygone  finished,  right  part  one 
six  equations  necessary  to  present  in  the  form  of  the  explicit 
functions  of  variations  in  the  kinematic  parameters  of  tne  disturbed 
motion  and  their  derivatives,  and  also  the  runctions  of  the 
coordinates,  whica  cuaracterize  surtace  position,  aerodynamic  brakes, 
the  engine  power  rating  etc. 


Page  155. 


Being  based  on  the  analysis  of  the  effect  of  different  factors  on  the 
values  of  tne  main  vector  and  main  tor que/moment,  to  the  projection 
of  the  main  vector  and  main  torque/moment  on  the  axis  or  body 
coordinate  system  it  is  possible  in  the  first  approximation,  to 
present  in  the  form  of  functions 
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#jr  = K,(a,  ?.  »•  '''A*  8».  *.>  *»). 

/?„=#„ (a,  #,  0.  P,  *.•  8(>). 

#,  = #*(“.  ft.  <?.  P>  V>  *„). 
Ms=MJt(a,  »,  t.  P.  <V  8»>  8«). 

My—My( «.  ft,  C-  ?•  *V  SH.  8,)> 

/W,=*Af,(a,  v.  P.  P»  *«•  8.*  y. 


where  the  6»,  &«,  6*  6P  - respectively  the  elevator  angles,  rudder, 

aileron**,  control  lever  of  the  engine  power  rating- 


I 

(8.7) 


In  relationships  ( H.  7)  ate  taken  into  account  the  basic  factors 
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which  affect  lynamic  not  ion  characteristics,  in  special  cases  there 
can  be  the  changes.  For  example  when  using  air  brakes  must,  be  taken 
into  account  theiL  effect  on  the  force  intensity  and  t orgu e/momen ts ; 
in  flight  of  multiengine  aircraft  with  unsy mmetric  thrust/rod,  ♦'he 
value  of  /Vf„  will  depend  on  the  engine  power  rating,  which  is 
characterized  by  the  paiameter  of  dp,  supplementary  resistance  etc. 
increases  in  the  dynamic  motion  characteristics  can  be  found,  by 
expanding  functions  (6.7)  in  Taylor  series  and  by  leaving  in 
expansion/aecom position  members,  who  contain  variations  to  the  first 
degree,  for  example: 


t»a 


»«*  Ai/  M 


dRt 

d>,u 


AS. 


dV 

, OR, 


«e,. 


A*. 


OK, 


Ae-i 

AS, 


dHj, 

r AA> 


the  value  of  A Rx»  corresponds  to  the  disturbance/perturbations 


of  the  longitudinal  force,  not  caused  by  the 
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dist  u r t ance/per  t ur  bat  i ons  ot  the  kinematic  parameters  of  motion.  It 
can  be  either  the  random  function  of  a change  in  the  atmospheric 
parameters,  turbulence  and,  etc  or  the  known  function  of  time  ir  fuel 
dumping,  booster  ignition,  the  uncoupling  ot  glider/air  fra  ine  etc. 


Similar  expansions  in  Taylor  series  can  be  fulfilled,  also,  for 
other  dynamic  characteristics,  and  then  to  introduce  the  obtained 
results  into  the  right  sides  of  the  corresponding  equations  of  system 

(8.6)  . 


Let  us  accept  one  additional  simplifying  assumption  - about  th® 
constancy  of  air  density  (p  = const),  since  during  a small  change  in 
altitude  it  is  possible  to  disregard  density  effect  on  the  character 
ot  the  disturbed  motion. 

Page  15b. 

During  the  recording  ot  the  linearized  equations,  let  us  use  the 
siaplitred  symbolism  tor  the  partial  derivatives  in  terms  of  rule 
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^furthermore,  is  solved  three  last/latter  equations  of  system 
(8.6)  relative  to  derivatives  of  angles  y , 9 and  i£. 

\ 

The  made  observations  and  assumptions  make  it  possible  to  arrive 
at  the  following  form  of  the  recording  of  the  linearized  system  of 
equations  of  the  disturbed  motion: 
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m 


d\V 

dt 


* mV  fay  + tn  1’uuj2  — R\  a V — R\  A u 


- //;nvr  /?>*,+  «)iVr  , 

' </Ja  t tnVw.~  rnV'Uax  — Rl&V — 


*/Al' 

mu mV 

dt 


dt 


- /Oa-AffA»-^Ap=«^"A*.+  /<:  A%  : A A*,,,. 
m.- -|-w  1/  — «iW'uu>x  — ml  "v  — A1,  A K --  A’-A u — 


- «!a  ? - R]  AY = A*/  AS,  + A A'. 

Jy  -^—Jsv^-AKa  V — MxAu  - AfiA?  • 

dt  dt 

-A1>x-Al>v==Af> A«,  A/>AS„-f  AA/X 


•A 


(f 


« dt  Al  -AfjAa-AfjA?- 
- AA;r">r  - Af>.v  = M *»A«„  - / f *»a8, -f  AAf, ,, 

J t—~~  M;AV  — A/iAa—  Ml— -Af! A*- 

dl  dt 

— . W>,  = A/  > A s„  . 1 / PA 3P  -f  A „ , 
rfA? 

-—  = ")*  — fy  tg  o cos  y <u,  ig  !i  sm  y. 

rfA» 

— - = «v sin Y i ^ COSY, 


dA!< 

rf< 


<■>//  cos  7 ■ 


• sin  7 


Cos  ft 


DOC 


7b 1 1 1 Jib 


PACE 


Vft 


system  of  equations  { tJ . b)  is  the  linearized  system  if  equations 
(8.1) , linear  relative  to  variations  in  the  kinematic  parameters. 


Page  157. 


It  the  undisturbed  mot  ion  is  the  steady  rectilinear  flight,  then  *-  he 
coefficients  with  kinematic  variations  are  constant  values,  rihen  the 
undisturbed  motion  - unsteady  flight,  the  coefficients  of  the 
linearized  equations  they  are  the  functions  of  time,  determined  from 
the  equations  of  the  undisturbed  motion,  in  general  form  the  exact 
solution  of  such  systems  is  difricult  at  present.  In  engineering 
practice  are  applied  the  different  approximation  methods  of  solution. 
These  questions  exceed  the  scope  of  manual  and  can  be  studied  on 
special  literature1. 


FOOTNOTE  1 - V.  V.  Solodovnikov.  Technical  cybernetics,  book  2.  P! . , 
"machine-building",  1967.  ENDFOOTNOTE. 


The  solution  of  system  (8.8)  makes  it  possible  to  trace 
variations  in  the  kinematic  parameters  in  time  dependence,  and  also 
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on  governing  factors  and  random  disturbances.  If  we  assign  to 
aircraft  the  initial  disturbances  oi  the  kinematic  parameters  and  to 
examine  further  r light  under  the  action  only  of  basic  forces  ami 
torque/momen ts  (governing  factors  and  random  disturbances  are 
absent),  then  for  the  stable  aircraft  of  a variation  in  the  kinematic 
parameters  they  must  in  the  course  of  time  vanish  or  remain  less  than 
any,  preassigned  low  value. 


However,  the  solution  of  this  system  is  extremely  cumbersome  and 
connected  with  definite  difficulties;  therefore  tales  are  developed 
the  methods  of  the  study  of  stability  of  motion  tor  the  general  case 
of  nonlinear  differential  equations,  the  which  do  not  require 
searches  their  solutions.  Majority  of  these  methods  is  based  on  the 
common/qeneral/total  stability  theory  cf  motion,  created  by 
outstanding  Russian  mathematician  and  the  mechanic  A.  H.  Lyapunovs 
whose  presentation  exceeds  the  scope  of  the  present  course. 


For  examined  here 
stability  of  motion  is 


cases  of  slight  disturbances,  the  study  of 
conducted  by  the  simpler  methods  which  are 


set 


forth  below 
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Pages  158-179. 

8.3.  Analysis  o£  the 
Longitudinal  and  yawing 

Let  us  examine  in 
which  has  the  plane  of 
plane  act  the  force  of 
the  pitching  moment  of 


equations  of  the  disturbed  motion, 
motions. 


body  coordinate  system  airplane  lis 
symmetry  xOy,  called  longitudinal, 
periphery  ot  ft^  the  normal  force 
/v\  ^ . The  u ispl  acem*'nt/movement  of 


turbance, 

In  t his 
of  ft  and 
the  center 
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of  mass  and  tnt>  rotat  lon/re  volution  of  aircraft  around  it  into  the 
planes  ot  symmetry,  taken  together,  are  called  axial  motion  and  are 
characterized  by  the  flight  speed  of  V,  by  the  angles  of  attack  a and 
of  pitch  d.  In  the  transverse  plane  yOz,  acts  the  moment  of  roll  of 
AU/  the  motion  1 1'  this  plane  is  characterized  by  the  angular 
velocity  of  i>t  and  by  attitude  y . The  lateral  force  7.  and  the 
yawing  moment  /*/„  act  in  plane  xOz,  but  the  motion  in  it  is 
characterized  by  the  velocity  or  V z.  • ky  the  angular  velocity  of  gjv 
and  by  the  yaw  angle  •. 


According  to  expressions  (8.3)  and  (8.4)  the  component  of  vector 
of  the  velocity  of  y2  and  its  variation  in  the  AV-t.  are  determined 
respectively  by  angle  0 and  by  its  variation  and  trajectory  speed. 


Planes  xOz  and  yOz,  the  perpendicular  to  fore-and-aft  plane 
symmetries  xoy,  are  called  the  lateral  planes;  force  Z and 
torque/momen  ts  of  /V\x  and  /Mv  acting  m these  planes,  respectively 
they  are  united  by  the  name  of  the  literal  group.  The  rolls  and 
yawing,  which  proceed  in  tnese  planes  and  which  are  characterized  by 
the  angular  velocities  of  o»*,  u>v,  by  angles  0,  \\  and  by  the 

trajectory  speed  of  V,  in  their  totality  are  called  yawing  motion. 
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In  a strict  settinq  the  longitudinal  and  yawing  motion  is 
mutually  connected.  However,  in  the  cases  ot  slight  disturbances 
axial  motion  can  be  examined  separately  from  the  lateral.  The  proof 
of  the  validity  ot  this  assumption  given  in  I.  V.  ostosl*v sY iy • s boo* 
"aerodynamics  of  aircraft"  » exceeds  the  scope  of  this  manual. 


FOOTNOTE  *.  I.  V.  Ostoslavs ki y.  Aerodynamics  of  aircraft.  N.  , 
Oborongiz,  1957.  ENDFOOTNOTE. 


The  essence  of  this  assumption  entails  the  fact,  that  during  slight 
disturbances  and  one  and  the  same  flight  speed  the  lateral  force  and 
torque/moments  do  not  depend  on  the  kinematic  parameters  of  axial 
motion,  and  the  longitudinal  forces  and  torque/moments  are  not  oausou 
by  the  kinematic  parameters  of  yawing  motion. 


The  independence  of  the  longitudinal  forces  and  torgue/momer.ts 
from  a change  in  the  kinematic  parameters  ot  yawing  motion  is 
determined  by  the  foilowing  relationships: 


h* = #>=--  /<;> = a >1 = a>; • = = R'l"  - Ml ^ m“*  = .i t ;<• « o. 
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In  a similar  manner  is  determined  the  assumption  of  the 
independence  lateral  torquo/momen t also  strengths  from  tha  Kinematic 
parameters  of  the  axial  motion: 


2^  Z WC- .u==  AC  =Of;  =0. 


Unaer  these  assumptions  in  the  equations  of  system  (3.8),  that 

describe  motion  in  fore-and-aft  plane,  will  disappear  the  terms, 

which  contain  variations  in  the  kinematic  parameters  of  yawing 

totion,  and  in  the  equations,  which  describe  yawing  motion,  they  will 

disappear  the  terms,  which  contain  variations  in  the  parameters  of 

axial  motion.  If  we  still  consider  that  for  contemporary  transport 

aircraft  the  product  of  inertia  of  is  very  short  in  comparison 

with  the  axial  moments  ot  inertia  of  J"-  T X that  the  system  of 

' r 
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differential  equations  (8.8)  it  is  possible  to  divide  into  two 
independent  systems  of  equations. 


Page  159. 


i 

The  system  ot  equations  ol  the  longitudinal  disturbed  motion: 


m - 


rflV' 


dt 


RVX\V  — R\Aa  — /?£a#  = 


- + A*>A3m+  A>>a83  + *>A 8P  + ARX  „ 

R\,  AV  — R'l,  A a — Rl  A 0 = 


rfAft  ..  </.\a 
m V — mV 


dt 


dt 

= /'?*"  A 8.  + ARu 


J. 


dt - 


•AliAl  —M.-Au  — AI; M* = 


rfA8 


dt 

--  Af  *"  A 8.  + M * PA  p + A A/, , , 

8 = a+6. 


dt 


(8.9) 


i. 
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*ft\p  last/iatter  equation  expresses  the  kinematic  constraint 
between  the  pitch  anqles,  attacx  and  path  inclination. 


System  ot  equations  of  the  lateral  disturbed  motion: 


m V — mVau)  — mVmy  — — A'Jay  — 

c It  * 

= /?*»*&„-- A/?, 

m\ A?-.d 


dt 


= fM/A^  + A/W, 


4 l J>,  - M>,  = 


(It 


=Af>8H-M  V^+Af,.. 


v 

rfAf 


cij.  — tg  ii  cos 


dt 

rfAi  OIJ,  c<  s •(  — >oi  sin  f 

dt  CO*  ft 


(8.  10) 
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In  the  equations  of  the  longitudinal  disturbed  motion,  is 

, . /as* 

excluded  the  alter  nati  ng/va  liable  since  of  <u,  — — — - , furthermore, 

<it 

are  reject/thrown  in  view  of  smallness  the  terms,  which  contain  the 
products  of  the  angle  of  attack  or  slip  angle  during  a variation  in 
the  kinematic  parameters. 


Systems  of  equations  (8.9)  and  (8.10)  make  it  possible  to 
examine  the  disturbed  motion,  in  process  of  which  on  aircraft  act 
governing  as  well  as  external  di^f  urbance/per  turbations , when  the  law 
of  a change  in  them  in  time  is  known. 


Page  160. 


In  this  course  in  essence,  are  analyzed  the  properties  of  the 
so-called  proper  motion  of  aircraft,  i-e. , the  disturbed  motion, 
caused  by  the  dist urbance/pert ur nation  only  of  initial  Kinematic 
parameters.  In  this  case,  it  is  assumed  that  governing 
disturbance/per tui nations  no  (control  "pressed")  and  external 
dist utbance/per tur bat  ions  are  absent-  In  this  case  the  basic  forces 
and  the  torque/moments,  which  act  on  aircraft,  undergo  change  only 
due  to  the  presence  of  variations  in  the  kinematic  parameters,  caused 
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them  by  the  initial  disturbance.  For  this  case  of  system  (8.3) 
(8.10)  it  is  possible  to  write  in  the  following  form. 


System  of  equations  of  the  longitudinal  disturbed  motion: 


in 


d\V 


J. 


mV  ( 


dt 

rfAft  rfi  a 


rf/ 

AO 


<// 

(/Aft 

rf/ 


j_/4Al/-^Aa-^A»=0, 

- .v/’  - — - M^A '/  - Ml Au  =0, 

dt 

fi  — C-j-  a. 


(8.11) 


and 


System  of  equations  of  the  lateral  disturbed  motion: 


DOC  = 76121336 


P AG  E J>- 


mV 


d\'i_ 

dt 

d*ox 


■ m V ouox  - - m Vwy  — A , A ? — /?]  A y - 


j x — - .vi ,rAp  .i /"' '«v — -v/;;^v — o, 


dwy 


dt 

rfAf 


</< 


'V/;,as — . i /"•*», — Ai’^uty = o, 

"‘j  — <o#  <!  f(  CO?  y. 


d\ty  My  COS  1 - • u.  sill  1 

dt  CO.‘  II 


) 


(8.12) 


Hhen  using  aquations  (B.ll)  ~ (3.12)  it  is  necessary  to  consider 
that  the  assumptions,  accepted  during  their  compilation,  restric*  the 
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field  of  the  applicability  of  these  equations.  Them  it  is  possible  to 
use  only  at  low  angles  of  attack;  they  do  not  consider  the  effect  of 
the  gyroscopic  effects,  which  appear  in  flight  of  aircraft  with  gas 
turbine  engines. 


For  trainmg/preparation  of  these  equations  for  solution,  it  is 
necessary  to  determine  forces  and  the  torque/raoments,  which  act  on 
aircraft.  From  the  systematic  considerations  of  force  and  the 
torque/moments  divide  into  the  following  groups: 


- static  forces  and  the  torque/momen ts , which  depend  only  on  the 
flight  speed  and  angular  coordinates,  i.e.,  acting  on  the  aircraft, 
which  flies  without  rot.at  ion/re  volution  ; 


- force  and  the  torgue/momen ts,  which  appear  during  the 
rotation/revolution  of  aircraft; 


- control  forces  and  torque/woraents; 
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perturbing  tuice s and  the  torque/momonts,  caused  by  the  effect 
of  medium  on  the  flying  in  it  aircraft. 


Page  161. 


All  these  forces  and  torque/moments  can  be  divided  in  turn,  into 
longitudinal  and  lateral. 


8.4.  Analysis  of  the  solution  of  the  system  of  the  differential 
equations  of  the  disturbed  motion. 


The  used  in  courses  dynamics  of  flight  the  methods  of  the 
analysis  of  the  disturbed  motion  are  based  on  what  investigation 
undergo  the  solutions  of  the  system  of  linear  differential  equations. 
For  the  sa*e  of  simplicity  in  the  recording  of  system  of  equations 
(8.9)  and  (8.10)  let  us  lead  to  the  following  form: 
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All 


d\V 


a 22 


<?31 


<// 

</Au 


di 

iit~ 


f anAK  + a,;Au  -f  fll3A»— a10, 

t-fl23— — rfl2iA v -J-fljjia -f-fl;  Ait  =a2o, 

■ ’ rfAa  • rfA#  . , , 

T a-'2  ~~T~  ’ «33—  — rtjlAV  -f-«..,Aa=flw, 

t// 

■—■  + *iiA3+*12>“^+*13®k  - tuAV=*io, 

rf<T  4 ^21 A ,j  -j-  f>2iMx  4"  ^2i0,K  = ^20. 


“4  4l  A 3 f b3imx  -I  b3 30>y 

</A  7 
dt 


Ui 


4 &4,UV=P- 


DOC  = 76121336 


PAGE  SW 


The  last/lattet  fifth  equation  of  system  (6.10)  we  do  not 
record/wr ite , sin:e  it  is  not  required  for  the  solution  of 
precedin  j/previous  four.  The  values  of  the  coefficients  of  a,;  and 
bn  dre  given  in  Table  8.1. 

Systems  (8.13)  and  (6.14)  are  linear  n on  Homogeneous  equations 
with  constant  coefficients.  The  uniform  systems  of  equations  of 
(a,t  = 0.  6,o==0)  correspond  to  their  own  airplane  Jisturbance,  when 
control  pressed  and  there  are  no  perturbation  factors.  Tne  solution 
to  equations  both  uniform  ana  heterogeneous  can  be  oDtained  by 
classical  method  or  by  operational  calculus,  studied  in  course  higher 
the  mathematicians  *. 


FOOTNOTE  1 . Examples  of  the  application/use  of  these  methods  can  hr 
found,  for  example,  in  manuals  of  I.  V.  Ostoslavskiy  an!  I.  V. 
Strazhevoy  "flight  dynamics.  Stability  and  the  controllability  of 
flight  vehicles"  ( M • , "machine-building",  1965)  and  I.  V. 

Ostosla vsKogo  of  the  "aerodynamic ist  of  aircraft"  (M. , oboronjiz. 


1957)  . ENDFOOTNOTE. 
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Table  8.1.  Values  of  the  coefficients  of  the  equations  of  the 
longi tua in a 1 and  lateral  disturbed  motion- 


J 

l 

2 

3 

4 

0 

a/y:  *</ 

• i i 

-*z 

0 

/?*"A811+y?]"A8M+/?*’A*:,+/;*PA8p+A/?xJ 

aii=  m 

-< 

0 

/?p"A8„  + A/?j/  „ 

aj2-  = -mV;  aj3  = ml' 

-*VM 

-K 

0 

0 

A1 ‘"AS.+iW]’ A8p  + A.H,  . 

a3i~  1 *'<  a33  =— A);'; 

<732=~A1“ 

— R\  mV 

—a 

-1 

- R]jmV 

/?> 

— - AS „ A/?j  JmV 

*il=l 

*1/ 

-K/J* 

-m'x*!jx 

0 

M * <W  *"  a u 

•'.T  •'JT 

*»/ 

-KJy 

-At?//, 

0 

A,‘M  **J*  Afp  . 

j AS„+  * AS,+  /" 

*33=1 

*«/ 

0 

1 

tg  8 cos  t 

0 

*44=1 

i 


DOC 


761 n 336 


PAGE 


S~o^ 


Page  163. 


Using  these  methods,  it  is  possible  to  obtain  the  solution  to 
equations,  for  exai:tle  system  (8.13),  in  the  form 


4a=VB/l'  + /.(<),  (8.15) 

i8=ycl^'+/.(<). 


where  the  p(  ate  roots  of  the  characteristic  equation,  comprised  or 


the  coefficients  with  unknowns  in  the  equations  of  system  (8.13): 


DUC 


7n 1 2 1 3 36 


P AGL 


ST>3 


flllP+flll  «12  fll, 

fljl  <?  22/>  "1“  <?22  a2ip~\~  a2\ 

a.l\  U&P  ~ }~  ® 38  dap 


= 0. 


(8.  16) 


the  runctions  of  fv(0<  f*(0  and  f*(()'  in  solution  (a.  15)  are  the 
particular  solutions  of  systen,  (8.1i)  with  the  right  side,  different 
from  zero. 

The  values  of  Ai,  B(,  C<  are  integration  constant,  which  depend  on 
the  initial  conditions.  Without  reproducing  here  entire  process  of 
the  search  of  solution,  wo  will  be  restricted  to  the  analysis  of  the 


properties  of  this  solution 
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Dy  revealing  the  definition  of  characteristic  equation  (B.lb 
«e  will  obtain  the  usual  algebraic  guartic  equation  relative  to  p 


<*'>Pi+a\Pi+aiPi-\- a p-j-a<=0,  (8.  17) 


where 


0o==rtU<,»2/,’3, 

«i  =rtn«2a«33-j  <tji<?s2<?33, 

a j — n n<7 1 j<7  3 — a i j<j  ; — 0 ufl  j i -f-  0 j jfl  33  4' 

• t 1 » 

-t-<?llf722rt33'—  0hC1mGh~  (7120^)033, 

77 3 22^33 — " (7 u77  2^?  1 “ ^7  jj77r  77;  3 T7j  j(7  «^03 ’ 

— a^Un(lM  fl.i2+  «ls«  1<I2  — «3l«l  «22. 

a4—  — r/ 1 1<7  jUj,-]-  f*2jU|  ,P .13  I a l',l2(,2i_"  f 


(8.  18) 
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yfe  can  be  seen  from  the  solution  of  system  (8.15)  in  of  the 
/*»/••■  /»»0,  of  a variation  in  the  parameters  of  the  motions  in  the 
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course  ot  time  they  can  grow/rise,  decrease  or  remain  constants 
depending  on  the  values  ot  the  indices  of  which,  in  turn,  as 

coots  of  characteristic  equation  (d- 17),  they  depend  on  the 
aerodynamic  and  mass  characteristics  of  aircraft. 


Page  164. 


Since  the  coefficients  oi  the  characteristic  equation  a0,  a,, 
a2,  a3,  a4  are  real  values,  in  accordance  with  fundamental  theorem  of 
algebra  the  roots  of  the  char  acter  ist.ic  equation  p,  , p2 , p3,  p4  can 
be  the  real  or  in  pairs  conjugate  complex  numbers.  If  all  roots  of 
characteristic  equation  are  real,  then  the  dependence  of  variations 
in  the  parameters  of  motion  from  time  bears  aperiodic  character  and 
the  disturbed  motion  it  is  sum  tour  being  placed  one  on  another  the 
particular  aperiodic  motions.  If  in  this  case  all  roots  p3  , p2  , p3, 
p4  are  negative,  then  variations  in  the  speed,  angles  of  attack  and 
pitch  in  the  course  of  time  decrease,  strive  for  zero  wi*h  t — and 
the  disturbed  motion  of  asymptotically  stable;  but  if  at  least  one  of 
these  roots  is  positive,  then  variations  in  the  parameters  of  motion 
approach  infinity  with  t — * - and  the  disturbed  motion  asymptotically 


unstable 
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If  the  roots  of  charac teristic  equation  the  complex, 

mutually  conjugate  values,  then  the  dependences  of  a variation  in  the 
parameters  of  motion  rrom  time  bear  an  oscillatory  nature  (disturbed 
motion  is  the  imposition  of  two  oscillatory  motions). 


Let  pi  = p ♦ iV,  then  p2  = q be  id.  The  oscillatory  motion, 
described  by  this  pair  of  the  complex  mutually  conjugate  roots  of 
characterist ic  equation,  will  be  that  which  damp  or  that  which  is 
being  amplifying  depending  on  the  sign  of  real  part  q complex  root. 
If  the  real  part  of  the  roots  is  positive,  then  the  amplitudes  or  a 
variation  in  the  speed,  angles  of  attack  and  pitch  in  the  course  of 
time  gtow/rise,  strive  for  infinity  with  t— * -.  In  this  case  the 
oscillatory  disturbed  motion  asymptotically  unstable.  If  real  narf  q 
is  negative,  then  variations  in  the  parameters  of  motion  in  the 
course  of  time  decrease,  strive  for  zero  with  t — > -#  and  the 
oscillatory  disturbed  motion  asymptotically  stable.  For  the  proof  of 
these  positions,  we  will  use  the  Euler  formula: 


ff(ii+»<)  t^e*'  (cos  \7  + / sin  \l). 
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the  expressions,  included  in  brackets,  they  are  the  limited 
values,  since  sine  'Vt  and  cos  ^ t cannot  be  more  than  unity. 
Consequently,  the  exponential  tunctions  of  <■<  :('•><  will  be  those  which 
grow/rise  with  tne  positive  values  of  the  real  parts  of  the  complex 
toots  n and  those  which  decrease  with  negative  values. 


Besides  those  wnich  were  described  above,  there  can  be  the 
cases,  when  the  roots  of  the  characteristic  eguatiori  p,  and  p2  are 
mutually  interdependent  but  p3  and  p4  - real,  and  vice  versa,  p3  and 
p4  - are  mutually  interdependent  complex  quantities,  but  p,  and  p?  - 

teal. 


Page  1b 5. 
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The  disturbed  motion  in  these  cases  is  imposition  of  two  aperiodic 
and  one  osci 1 lator y/v 1 b ra tory  motions. 


In  the  case  of  equality  to  zero  of  real  root  the  corresponding 
particular  solution,  as  this  follows  from  relationship  (8.15),  is 
equal  to  a constant  value,  and  in  equality  to  zero  of  the  real  part 
of  the  con gugat ed/como ined  complex  roots  the  corresponding  particular 
solution  describes  harmonic  oscillatory  motions.  In  both  cases  the 
undisturbed  motion  asymptotic  stability  does  not  possess,  i.e.  , 
variation  in  the  motion  or  their  amplitude  in  the  case  of  oscillator/ 
motion  strives  in  the  process  of  the  disturbed  motion  to  certain 
constant  Value,  different  from  zero*  In  these  cases,  according  to  A. 
M«  Lyapunov's  theorem,  the  examination  of  the  linearized  system  does 
not  make  it  possible  to  judge  the  stability  of  motion,  and  is 
required  the  study  of  the  nonlinear  system  of  equations  of  motion. 


From  that  which  was  stated  above  it  follows  that  for  the 
asymptotic  stability  of  the  longitudinal  undisturbed  motion  it  is 
necessary  and  it  is  sufficient  in  order  that  the  roots  of 
characteristic  equation  would  have  negative  real  parts  >. 


DOC  = 76 1 21 J Jb 


PACE 


S76 


FOOTNOTE  l.  The  real  number  is  the  special  case  of  complex  number, 
when  the  coefficient  with  imaginary  part  is  equal  to  zero. 
ENDFOOTNOTE. 


In  the  case  of  the  characteristic  equation  of  the  n degree 
according  to  Hurwitz'  theorem  * in  order  that  all  roots  of  aljenraic 
equa  t ion 

a0Pn  + -f  + • • • +a. =° 


would  have  negative  real  parts,  it  is  necessary  and  it  suffices  to 
satisfy  the  following  conditions: 

Ai  >0,  Aj>0, . . . A^>0, 


Ai  = 

■d\. 

— 

la,  a„ 

J CL  n Cl  2 j 

* 

1 

<*\ 

a» 

0 

0 

...0 

A „= 

aj 

«o 

...0 

1 

am-\ 

2 a2n~ 

3 4 

...a„ 

W -lusts 


(.818'; 
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FOOTNOTE  *.  The  proof  of  hurwitz*  theorem  see  in  book  Kurosh  a.  <j. 
the  "course  of  higher  algebra"  (M- , GTTI»  1949).  ENDFOOTNOTE. 


For  the  guartic  eguation  of  condition  (8.18')  takes  the  form 


hiaself 
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a0>0.  «j>0,  «t>0,  a4>0, 

la,  a„  0 


(8.  19) 


A.,- 


d \ d 2 

0 a4  a3 


= « ,("i«3  — «««a)  — «4«1>0. 
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Expression  (8.19)  is  called  routh-of  Hurwitz'  criterion. 


After  replacing  in  relationships  (8.19)  inequality  signs  with 
equal  signs,  we  will  obtain  the  limits  cf  stability  of  the  disturbed 
■ otion.  Conditions  (8.19)  nake  it  possible  to  judge  the  presence  of 
the  stability  of  the  longitudinal  disturbed  motion#  but  they  do  not 
answer  tne  question  concerning  the  stability  level  or  instability. 
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concerning  the  character  of  the  disturbed  motion. 


Analogously  is  analyzed  the  stability  of  yawing  motion.  For  «■  he 
lateral  disturbed  motion,  described  by  system  of  equations  (8.  14)  , 
characteristic  equation  will  take  the  form 


P+l>V 

b\2 

bn 

b i4 

&21 

P+b  22 

^23 

0 

= 0. 

b>  2 

P+bM 

0 

0 

— i 

b<3 

P 

The  coefficients  of  b{}  ate  determined  from  TaDle  8.1.  Af  + er 
expansion  of  a determinant,  we  will  obtain 
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where 


boP'-l  i>,p*+b.,p  ■ bi  =0,  (8.20) 

bft  1 , b k b]  j *r-  . 

^2  t7=^I1^22  — ^12^21  H"  b\\b~.  — /j  j b b {—  /?o  h . , 

^3“  ^11^22^34  ^14^21  P P'M^A  1*“”  i bn.fi  .o  ^VprS\P  J. 

J-  /;:i^  2 ’ bX2b2  b,-k  — b\  brb  , , 
i — M31i  b^(b22bA  — b2p  JJ6h.  (8.21) 


^he  analysis  of  special  cases  ot  the  lcn  qitudinal  and  yatfinq 
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motions  it  is  brought  in  the  subsequent  chapters. 


PROBLEMS  FOR  HE  PETITION.  . 


1.  In  what  a difference  of  the 
stability? 


concepts  of  static  and  transient 


2.  Why  during  the  expansion  of  functions  (8.7)  in  Taylor  series 
are  held  the  only  those  .ne®ner£,  who  do  contain  variations  in  the 
kinematic  parameters  in  degree  not  hiqher  than  the  first? 

J,  What  is  understood  by  airplane  disturbance? 

4.  With  the  observance  of  which  conditions  airplane  disturbance 
can  be  conditionally  divided  into  longitudinal  and  lateral? 


Problem 
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satisfy  the  linearization  of  all  six  equations  of  system  (8.1), 
i.  e. , lead  it  to  form  (6.6). 
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Chapter  IX 


LONGITUDINAL  STATIC  FORCES  AND  W R ’JfrE/  MOMENTS. 


9.1.  The  pitching  moment  of  wing.  The  mean  aerodynamic  chord. 

From  the  course  of  aerodynamics  the  known  following  relatiorship 
for  determining  the  coefficient  oi  the  longitudinal  static  moment 
relative  to  the  center  of  mass  of  the  aircraft  of  the  aerodynamic 
forces,  which  act  on  rectangular  wing 


ysx\-  (9- l) 


jfcre  the  cm0  - the  moment  coefficient  of  the  wing  with  of  c„=0;’ 
the  coefficient  of  c”>o  is  negative  of  concave  airfoil/profiles,  is 
equal  to  zero  of  symmetrical  and  is  positive  only  of  the  very  narrow 
class  of  S-shaped  a ir f o il/pi of  iles  with  the  bent  back  upwards  tail; 

xT,  yt  are  dimensionless  (■*,=--,  wT  =* = — , b - airfoil  chord)  the 

V b b 
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coordinate  of  the  center  of  mass  of  aircraft  (point  T in  Fig.  9.1), 
determined  in  the  coordinate  system  whose  beginning  is  arranged  on 
the  leadmq  edge  of  the  cross  section  in  question;  xr  ace  a 
dimensionless  longitudinal  coordinate  of  mean  aerodynamic  center  of 
wing,  i.e.,  the  point  of  the  application/appendix  of  an  increase  in 
the  aerodynamic  force  during  a change  in  the  angle  of  attack. 


The  character  of  the  effect  of  the  term  of  i/rcxl  on  the 
coefficient  of  the  pitching  moment  of  wing  profile  is  shown  in  Fig. 

9-2. 
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Fig.  9.1.  To  the  determination  of  the  pitching  moment,  of 
airtoil/prof ile  and  wing  of  rectangular  planform. 
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Fot  the  majonty  ot  tne  contemporary  aircraft  of  |yT|<0,l,  cx\<^.cv, 
therefore  the  last/latter  term  in  formula  (9.1)  can  be  dis rega rderi  in 
view  of  its  smallness.  Then  we  obtain 


(9.2) 


with  the  small  Mach  numbers  the  compressibility  of  medium  ir 
practice  barely  it  shows  up  in  the  value  of  the  coefficient,  ot  the 
pitching  moment  of  wing;  with  Mach  numbers,  which  exceed  critical  l, 
the  coefficient  of  pitching  moment  considerably  changes,  which  is 
explained  by  the  displacement  of  focus  to  trailing  wing  edge  (Fig. 
9.3)  . 


. . vm 

FOOTNOTE  >.  Critical  is  called  the  number  of  M = , with  which  on 

the  surface  ot  airfoil/profile  it  appears  the  speed,  equal  to  the 
speed  of  sound.  KNDFOOTNOTE. 


All  the  stability  characteristics  and  controllability  both  the 
wing  with  alternating/variable  on  spread/scope  chord  and  aircraft  as 
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a whole,  usually  relate  to  the  so-called  mean  aerodynamic  chord 

(MAC)  . 


The  mean  aerodynamic  chord  of  the  (b\)  of  the  wing  of  arbitrary 
planform  is  called  the  chord  of  this  rectangular  in  plan/layout  wing 
at  whose  area  S,  the  pitching  moment  of  /VI  tangential  and  is 
normal  Yt  force  the  same  as  of  the  assigned  wing.  Spread/scope 
equivalent  rectangular  and  assigned  wings  different,  since  in  them  in 
identical  areas  different  chords. 
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The  value  of  the  coefficient  of  the  pitching  moment  of  the  winy 
of  arbitrary  planform  can  be  determined  by  formula 

J 

td/  hp  = ~ Wt  OKp  ("'"l  ■*/?)(  y, 


where  the  "1,0™  - the  moment  coefficient  of  the  wing  with  of  r„= 0 

(mtonp™('m9  - for  the  rectangular  flat/plane  winy,  collected  from 
identical  air  toil/prof iles) , xF  are  a relative  coordinate  of  mean 
aerodynamic  center  of  wing). 


1 


For  determining  length  MAC^and  the  coordinates  of  its  beginning 
of  xA.  y*  , let.  us  compose  the  momental  equation  of  the  aerodynamic 
forces,  which  act  on  the  element  of  area  of  t ne  initial  wing, 
relative  to  axle/axis  Ozj,  passing  through  the  leading  edge  of  an 


airfoil  profile  of  root  cross  section  (Fig.  9.4): 
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— Cy\ox<iz  4-  cxibyilz), 


:*.3) 


where  b = b (z)  - the  current  wing  chord;  x,  y are  coordinates  of  the 
leading  edge/nose  of  this  cell/element  of  wing;  bdz  = S - the  area  of 
the  cell/element  of  the  initial  wing;  (subsequently  index  "1"  at  cv) 
is  omitted,  since  at  the  low  angles  of  the  attack  of  cvl=>cv). 


Page  170. 


First  term  is  the  elementary  moment  of  aerodynamic  forces 
relative  to  axle/axis  0z1#  passing  through  the  leading  edge/nose  of 
the  cell/element  of  wing,  second  term  is  the  moment  of  the  normal 
force,  led  to  the  leading  edge  of  an  airfoil  profile  of  the  cross 
section  in  (uestion  relative  to  axle/axis  Ozj , the  third  term  is  the 
moment  of  force  of  periphery  relative  to  axle/axis  Oz,  . 
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Integrating  expression  (9.3)  on  entire  wingspan,  obtain  the 
moment  ot  aerodynamic  forces  relative  tc  axle/axis  z,: 


M 


/it  ip  m \ 

*1=2?/  \ c^b'-dz  - j Cybxdz  + j ej^ydzj. 


(9.4) 


the  t orgue/moment  of  equivalent  rectangular  wing  relative  to  the 
same  z axis  is  equal  to: 

M,  «=  c'm  qSbA—c'l/qSxA+c,JciqSyA,  (9.5) 


where  the  e*m,  e *,  e*,  are  moment  coefficients  and  aerodynamic  forces  of 
equivalent  rectangular  wing. 


Since  the  torque/moment  of  the  initial  wing  of  arbitrary 
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planform  is  equal  to  the  tor que/raomen t of  equivalent  rectangular 
wing,  by  equating  to  each  other  the  right  sides  of  relationships 
(9.4)  arid  (9.5)  , «o  will  obtain  th»  following  identity: 


</SiA-cyqSxA+cxlqSyA  - 

in  t 2 in 

cmhidz  — 2q  j Cybxdz  + 2q  J"  cx\bydz. 


foe  the  fulfillment  of  this  identity  it  is  necessary  and  it 
sufficient  in  order  that  the  corresponding  terms  of  his  right  and 
left  sides  of  the  tale  are  equal.  On  the  basis  of  this  condition, 
compose  the  following  equalities: 

ii 

e'mqSbA~2q  j cnbidz, 

o 

in 


c*qSxA*=*  2 q j Cybxdz, 


(9.7) 


in 

f «-rl hVdt- 
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S'  from  equalities  (9.7)  it  is  possible  tc  determine  the  length  of 

the  mean  aerodynamic  chord  of  bA  and  coordinate  of  its  beginning  of 

the  *a,  yA: 


# 

n 


-kS 


C ybxd  Z • 


'a-  JST  ]•«**• 


jrl  j 


(#.S) 
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11  the  coefficients  of  pitching  moment  anti  aerodynamic  forces  of 
the  initial  winy  are  constant  or  entire  spread/scope  and  are  equal 
respectively  t'm  «*,  that  formulas  (9.B)  can  be  simplified  and 
written  it.  the  following  form: 


(9.9) 


d 
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In  the  general  case  tor  determining  the  length  of  the  moan 
aerodynamic  chord  of  ft*  and  coordinates  of  its  beginning  of  x*,  yA 
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it  is  necessary  to  know  the  laws  of  change  in  the  spread/scope  of  the 
coefficients  of  cm,c„cKl,  and  also  the  chord  length  of  the  initial  win) 
b and  of  the  coordinate  of  its  beginning  x,  y-  By  knowing  these 
values,  it  is  possible  to  determine  aerodynamic  forces  and 
torque/momen ts,  but  then  the  coefficients  of  the  e^,c’,e’  of  winq 
equivalent  are  determined  sufficiently  simply. 


In  the  particular  case  tor  the  wing  of  trapezoidal  planform 
(Fig.  9.5)  when  cm(t)  — const,  c,fz)» const  and  e„  — con»t,  ftcm  formula  (9.S)  wo 
will  obtain 


4 + * + 1 

* 3 cp  (ri  + l)J 

(n+2)  i tgxo 
x*=  6(>1  + 1)  ’ 

(n  + 2)/ig'V 
6(ri+l)  ' 


(9.10) 


DOC  = 7612133b 


PACE 


i 


where  n - contraction,  i|>  - angle  dihedralV. 

Generally  with  rectilinear  wing  edges  MAC,  it  passes  through  the 
center  of  gravity  of  its  area. 

9-2«  The  pitching  moment  of  the  fuselage  of  aircraft. 
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The  geometric  form  of  the  fuselages  of  aircraft  usually  entirely 
floes  not  correspond  to  the  form  ot  body  of  revolution.  Therefore  the 
theoretical  determination  of  the  pitching  moment  of  the  fuselage  of 
aircraft  is  connected  with  severe  difficulties.  During  practical 
calculations  are  utilized  the  approximation  empirical  formulas,  based 
on  the  generalization  of  the  results  ot  experiments. 
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The  moment  of  the  aerodynamic  forces  of  fuselage  relative  to 
axle/axis  Oz,  passing  through  the  center  of  mass  of  aircraft,  in 
essence  is  created  by  the  lift  of  K*.  Body  lift  is  applied  in  its 
center  of  pressure  (Fig.  9.6)  and  can  be  calculated  according  to  the 
formula  whose  structure  is  similar  to  the  structure  of  formula  for 
determining  airfoil  lift: 


Y*=zc'y*(a  — <f)S^, 


where  t>  is  similar  the  angle  of  incidence,  S*  - th  e area  of  maximum 
cross  section  of  fuselage. 


The  pitching  moment  of  the  aerodynamic  forces  of  fuselage 
relative  to  the  center  of  mass  of  aircraft  is  determined  by 
relat ionshi p 
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* = ^.41)— — ®)5+<7(jct  + x1  (9.  11) 


L 

Expressing  the  M,$  through  the  coefficient  of  pitching  moment 


*qSbA 


(9.  12) 


dnd  equating  the  tight  sides  of  equalities  (9.11)  and  (9.12),  we  wil 
obtain  expression  for  determining  the  coefficient  of  the  pitching 
moment  of  fuselage  in  the  form 


(9.  13) 
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where 


The 


lift  coefficient  of  the  aircraft  of 


cy 


an!  angle  of  attack 


a are  connected  known  £r<>»  course  aerodynamics  by  dependence 
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which  can  be  presented,  alsc,  in  this  form: 


t 

Paye  17  3- 


By  substituting  this  value  a in  toriuld  (^.13),  we  wi 
expressions  for  determining  m ^ in  the  form  ot  the  sum  of 


5*  /-  -w-  i-  - r, (*,+  .*,♦). 


^ ' (^o  ?)(•*!  l~  **«<>) 


11  obtain 
two  term 


(9.  14) 
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first  term*  which  does  not  depend  on  the  lift  coefficient  of 
c„  and  equal  to  the  pitching  moment  of  the  aerodynamic  forces  of 
the  fuselaye  with  of  cv=0,  let  us  designate  by  the  The  value 

of  m: o,t>  is  negative,  since  zero-lift  angle  is  usually  negative  or 
equal  to  zero,  and  the  angle  of  incidence  v is  always  positive. 
Second  term,  proportional  to  lilt  coefficient,  let  us  designate  by 
the  A Xf^cv.  The  value  of  A xF^cv  is  is  always  positive.  Taking  into 
account  foregoing  for  the  coefficient  of  tne  pitching  moment  of 
fuselage  (4.14)  it  is  possible  to  write 


m,t=  fftjo*  4" ♦r»’ 


(9.  15) 
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M i0$  Cyj  $ (CIq  ?)(**T“f"  •**.♦)» 


(9.  16) 


where 


^-( Jcf  + jc, .*). 

e ’ * 


(9.  17) 


^The  Vdlue  of  Aijr*  is  the  referred  to  b \ the  distance  between 
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the  focus  of  the  i s cl  a t ed/i  nsulat  eg  winy  and  the  focus  of  combination 
wing  - fuselage,  since  the  center  or  ptessuie  of  fuselage  is  usually 
arranged  in  front  of  the  center  of  mass  of  aircraft,  the  focus  of 
combination  wing  - fuselage  will  be  arranged  in  front  of  the  focus  of 
the  isolated/insulated  wing. 


The  value  of  the  coefficient  of  the  pitching  moment  of 
combination  “uiij  - fuselage  not  allowing  for  their  mutual  effect  can 
be  determined,  after  adding  the  piecemeal  right  and  left  sides  of 
equations  (9.2)  and  (9.15): 

/ 

^Z  f^Z  KP+  ♦ =CmO  ^«Qt»  \Xp  <J>)  Cy.  (9.  18) 


during  the  determination  of  the  common/general/total  coefficient 
of  the  pitching  moment  of  aircraft  necessary  to  consider  t h<* 
interference  (mutual  effect)  of  wing  and  fuselage  tor  change  in  the 
Values  of  m **  and  the  displacement  of  the  mean  aerodynamic  center  of 

wing  ct  \x,. 
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The  value  and  the  direction  of  the  displacement  of  mQar. 
aerodynamic  center  of  wing,  caused  by  interference,  depend  on 
planform  and  Mach  number  of  flight.  During  the  combination  of 
wing  with  fuselaja,  its  focus  is  displaced  forward. 


At  subsonic  rates  of  change  in  the  moment  coefficient  of 
caused  by  fuselage  contribution,  is  so  small  that  it  can  he 
disregarded. 


wing 

unswept 


wing. 
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Figure  9.7  shows  the  reason  tor  the  displacement  forwarl  ol  *-he 
focus  of  combination  wing  - fusela  je.  During  a change  in  the  angle  of 
attack  of  lift  increment  ol  the  wing  ot  and  fuselage,  the  AK* 

are  applied  respectively  at  the  mean  aerodynamic  centers  of  wing  and 
fuselage  at  a distance  of  AjtjrnBT(  caused  by  interference.  The  focus  of 
fuselage  is  located  in  front  of  wing;  therefore  the  total  lift 
increment  of  combination  wing  - fuselage  is  applied  in  front  of  moan 
aerodynamic  center  of  wing.  In  this  case,  it  is  assumed  that,  as  a 
result  of  interference  the  point  of  the  application/appeni ix  of  lift 
increment  cf  wing,  i.e.,  its  own  mean  aerodynamic  center  of  wing,  is 
not  displaced.  For  swept,  and  deltas  this  assumption  is  incorrect. 


For  example  in  combination  fuselage  - swept  sweptback  wing  (Fig. 
9.8)  its  own  mean  aerodynamic  center  of  wing  is  displaced  back/ago. 


The  calculation  ot  pitching  moment  and  focus  of  combination  wing 
- fuselage  at  the  supersonic  speeds  ot  flow  is  considerably  more 
complex;  however,  it  is  sufficiently  minutely  investigated  both 
theoretically  and  it  is  experimental  *. 

FOOTNOTE  i.  A.  A.  Lebedev,  L.  S.  Chernobrovki n.  Flight  dynamics.  M . , 
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Oborongiz,  1962.  ENDFoOTNOTE. 


Besides  wing  and  fuselage  in  external  flow,  can  be  located 
engine  nacelles,  landing-gear  fairings,  suspension  tanks  of 
fuel/ pro pellant  etc.  Their  effect  on  pitching  moment  is  considered 
usually  only  uy  tne  displacement  of  the  longitudinal  focus  of 
aircraft,  i.e.,  pitching  moment  is  computed  according  to  the 
formulas,  similar  (9.15)  and  ( 9. 1 7) ; 


mt,=  -\-\xFlcy\ 
cu 


(9.19) 


where  the  Si  it  is  computed  the  characteristic  area  of  the  i 
cell/element;  x*j  - the  coordinate  of  the  center  of  pressure  of  the 
i cell/element;  e\t  are  the  particular  derivative  of  lift 


focus  of  sweptback  wing. 


Key:  11).  Focus  of  the  isolated/insulated  wing.  (2).  Focus  of  the 

outer  planes  of  wing. 
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As  it.  follows  from  the  physical  nature  of  the  phenomenon, 

formula  (9.^0)  gives  the  displacement  of  rOcus  forwar i (back/ago),  if 

( 

the  center  of  pressure  of  the  protruding  into  flow  aircraft  component 
is  arranged  in  front  (from  behind)  the  focus  of  the 
isola ted/insula ted  wing. 


9.3.  The  pitching  moment  of  horizontal  tail  assembly. 


Horizontal  tail  assembly  is  intended  tor  providing  for  a 
longitudinal  stability,  controllability  and  balance  of  aircraft. 
According  to  the  type  of  horizontal  tail  assembly  contemporary 
aircraft  can  be  divided  into  three  groups  (Fig.  9.9):  usual  diagram, 
canard  configuration,  diagram  "bobtailed  aircraft". 


Of  the  aircraft  of  usual  diagram  and  diagram  of  "weft" 
horizontal  tail  assembly  can  be  in  two  versions:  to  consist  either  of 
fixed  stabilizer  and  elevator  or  of  one  controllable  stabilizer. 


Page  17f> 
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Iri  this  paragraph  is  examined  t hr  tor  que/motnen t of  horizontal 
tail  assembly  in  tut  tree  position  of  controls.  The  moment  of  the 
aerodynamic  forces  cf  horizontal  tail  assembly  relative  to  z axis, 
passing  through  the  center  of  mass  of  aircraft  (Fig.  9.1),  is  equal 
to: 


r.o — t ^r.n^-r.o- 


(9.21) 


#ere  yro«yiro  (IVo  are  normal  force  of  horizontal  tail  assembly; 
positive  siyn  is  related  to  canard  configuration),  since  at  flight 
any les  of  attack  the  normal  force  of  the  horizontal  tail  assembly  of 
)Vo  with  sufficient  practical  accuracy  can  be  accepted  to  the  equal 

lift  of  yro. 


The  ami  of  the  horizontal  tail  assembly  of  Lr0,  strictly 
speaking,  is  equal  to  distance  between  centers  cf  the  pressure  of 
horizontal  tail  assembly  and  the  center  of  mass  of  aircraft.  However, 
in  view  of  a change  in  the  cent er-of- pressure  location  with  a charge 
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of  the  angle  of  attack  in  the  first  approximation,  as  Lr  0 , it  is 
expedient  to  accept:  or  the  distance  between  the  focus  of  stabilizer 
and  the  center  of  mass  of  aircraft,  if  horizontal  tail  assembly  is 
executed  in  tha  form  of  one  controllable  stabilizer;  or  the  distance 
between  centers  of  the  suspension  of  control  and  the  center  of  mass, 
if  horizontal  tail  assembly  has  an  elevator. 


The  lift  of  Y'r.o  is  determined  by  relationship 


^ r.o  — CU  r oQr.o Sr,„ 


(9. 22) 


where  the  c¥  r.  •,  Qr.  o.  ST  0 - respectively  lift  coefficient,  velocity  bead 
and  tail plane  area. 


by  substituting  expression  (9.22)  in  (9.21),  we  will  obtain 


M 


— ^r.o^r.o^r.nlr.w 


(9.23) 
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er  dividiruj  both  parts  of  the  equality  into  qSbA,  we  will 
obtain  expression  for  determining  the  coefficient  of  the  pitching 
moment  of  the  horizontal  tail  assembly: 

r.o*^  i r.o^r.o^r.n*  24) 


whet  e 
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TT-e  coefficient  of  fer  0 it  characterizes  a decrease  in  the 
velocity  in  the  field  of  horizontal  tail  assembly  as  a result  of 
braking  flow  by  wing  and  fuselage.  The  value  of  this  coefficient 
depends  on  the  location  of  horizontal  tail  assembly  on  aircraft 
relative  the  wake  of  wing  and  fuselage,  and  the  greater  the  krn 
(nearer  to  unity),  the  more  effective  the  a pp  1 icat ion/uso  of  a tail 
assembly.  The  greatest  value  oi  this  coefficient  of  (jfcro=i)  has 
horizontal  tail  assembly  of  the  aircraft,  executed  by  the  diagram  of 
"weft";  smallest  (£r  o«0,7)  has  the  horizontal  tail  assemoly  of 
supersonic  aircraft,  arrange/located  behind  the  center  of  mass. 


angle  of  attack  of  horizontal 


mb  1 y.  (2).  Wing  chord. 
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The  coefficient  of  AT ,0  is  the  dimensionless  area  moment  ratio 
of  horizontal  tdil  assembly  relative  to  the  center  of  mass  of 
aircraft  and  is  the  important  structural  cell/element,  which  ensures 
longitudinal  stability  and  aircraft  handling-  The  value  of  Ar  0 of 
contemporary  aircraft  usually  is  located  of  0.18-0.6. 


On  the  horizontal  tail  assemblies  of  contemporary  aircraft  in 
essence,  a^e  applied  symmetrical  a ir f oi 1/ pr of i les , and  therefore 
expression  for  a lift  coefficient  it  is  possible  to  write  in  the  form 


1 Ur.  o 


V r.o>*r.o. 


(9.25) 


where  the  <*,.<>  - the  angle  of  attack  of  horizontal  tail  assembly; 

f»ro  they  is  applied  derivative  of  the  lift  coefficient  of  horizontal 
tail  assembly  in  angle  of  attack. 


The  definition  of  the  lift  coefficient  of  combination  tail 
assembly  - fuselage  taking  into  account  their  mutual  influence  is 
conducted  just  as  the  determination  of  this  coefficient  of 
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combination  wing  - fuselage. 


The  angle  of  attacK  of  horizontal  tail  assembly  (Fig.  9.10)  is 
equal  to 

“r.o  = a + <p-*„  (9.26) 


1 

where  a is  an  angle  of  attack  of  wing;  $ - the  angle  of  stabilizer 
setting  (angle  between  the  wing  chords  and  stabilizer)  ; e„  — the 
dounwash  angle  of  horizontal  tail  assembly. 

For  determining  the  downwash  angle  of  horizontal  tail  assembly 
the  greatest  application/use  in  the  calculated  practice  obtained  the 
following  semi-rational  formula: 


(9.27) 
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Fig.  9.11.  Curve/gr aph  for  determining  the  taper  of  supersonic  flow 
after  delta  wing  ((?«  >M2-  ltg  *,  *„  are  a root  chord). 
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Here  eo  ~ not  depending  on  angle  of  attack  downwash  angle,  created  by 
fuselage;  in  view  of  smallness  eo  it  frequently  they  disregard;  D is 
a coefficient  ot  the  taper  of  subsonic  flow  for  the  angles,  in  radian 
measure  determined  by  relationship 


(9.28) 


where  X is  the  effective  aspect  ratio  of  wing;  x - tha  coefficient, 
depending  on  the  relative  location  of  horizontal  tail  assembly  ar.d 
wing,  oi  on  circulation  distribution  according  to  the  wingspan. 


Page  17g. 


At  any  point,  which  is  located  at  a distance  L from  the  leading 
edge/nose  cf  root  chord  and  on  height/altitude  y from  chord  plane, 
the  rake  angle  of  supersonic  flow  it  is  possible  to  determine  by 
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curve,  given  in  Fig.  9.11  (values  of  the  parameter  ft  are  given  in  the 
course  of  ae rod y na a ics) . 


The  rake  angle  of  supersonic  flow  at  horizontal  tail  assembly 
can  be  determined  by  formula  (9.27),  in  which 


(9. 29) 


where  the  J - is  determined  from  cuive/graphs  in  Fig.  9.11;  c,  — 
are  derivative  of  the  lift  coefficient  of  combination  wing  - fuselage 
in  the  angle  of  attack  of  wing. 


By  substituting  the  value  of  **  according  to  (9.27)  in 
relationship  (9.26),  we  will  obtain  expression  for  determining  the 
angle  of  attack  of  horizontal  tail  assembly  in  the  form 


«r. 


(9.30) 
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faking  into  account  formulas  (9.25)  and  (9.  10)  from  relationship 
(9.24)  will  obtain  expression  tor  determining  the  coefficient  of  the 
pitch iny  moment  of  horizontal  tail  assembly  in  the  free  position  ot 

elevator: 


ff»,r.0  = ± <’ir.o*r.o'Vo(°-t-?  — Dcy  — *<,). 


(9.31) 


in  the  right  side  of  expression  (9.31)  variables  in  the  general 
case  they  are  c„,  a,  <p,  whereupon  c»  and  a are  connected  by 

depen dt  nee 

r,= c;(a— a0), 
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therefore  formula  (‘9.3  1)  can  be  presented  in  the  form 


m. 


Y 


y r o*  r.o 


K.eAr.o  («0—  so)  + Cl  r oK.,Ar.o  ^ ° + 


r.o^V.o^r.oV]* 


(9.32) 


since  into  expression  (9.  J2)  for  mir.0  all  variables  enter  only 
to  the  first  deyree,  then  it  it  is  possible  to  write  in  the  form 


m, 


"»*.  r..  + «/?./»  + «?»••*. 


(9. 33) 
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where  in  the  usual  lay-out  diagrao  of  tail  assembly 


mMr.o  — “fl  (°»  h)> 

mtf.o  = Cy  r.o^r.o^r.o 


! 


DOC 


7 o i n ) j t) 


P AG  i i b*>S 


9.4.  Pitching  moments  from  the  thrust  of  engines. 


On  contemporary  aircraft  the  axis  of  thrust  of  engines  usually 
does  not  pass  through  the  center  of  mass  (Fig*  9*12).  By  designating 
through  the  r P.  of  the  projection  of  thrust  on  body  axes  oxlf 

* > Y 

Oyi#  let  us  find  pitching  moment  from  the  thrust  of  the  engines: 


M,p  = xpPy- ypPx, 


where  the  are  arm  of  force  of  and  the  relative  to 

f 

the  center  of  mass  of  aircraft. 


The  longitudinal  thrust  component  of  fr  is  equal  to  point  of 
tangency  and  is  determined  from  Joukovski's  curves.  During  the  steady 
level  flight  it  is  egUal  to  drag.  Consequently,  during  the  steady 
level  flight  the  coefficient  of  pitching  moment  from  the  longitudinal 
thrust,  component  of  f is  equal  to: 


P 
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PxVp 

1S»A 


xyp vp_ 

qsbA  ~ ' \ 


Cf-3i) 


or 


m 


*p~ 


\x\fp- 


flight  angles  of  attack  can  be  different;  therefore  the 
velocity  vector  of  the  motion  of  the  center  of  mass  of  aircraft  in 
the  general  case  does  not  coincide  with  standard  to  t.ha  plane  of  the 
rotation/revolution  of  screw/ptopeller.  Occurs  the  so-called  oblique 
airflow,  with  which  appears  the  transverse  thrust  component  of  ggyg. 
The  coefficient  of  pitching  moment  from  the  transverse  thrust 
component  is  determined  from  empirical  formula 
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m'*p  =0,05  <V. 


ehere  the  )( p - distance  from  the  center  of  mass  of  aircraft  to  the 
plane  of  the  rotation/revolution  ct  screw/propellet;  i the  number  of 
screw/propellers;  D - propeller  diameter. 
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12.  Diagram  tor  determining  pitching  moment  from  thrust  TVD 
- turooprop  engine]. 
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Tiit-  transverse  thrust  component  of  jet  enqine  is  also  caused  by 
oblique  airflow  (Fig.  9.13)  and  is  determined  with  the  aid  of  the 
theorem  about  a change  in  the  momentum,  according  to  which  ^he  change 
in  the  momentum  per  second  along  the  normal  to  the  axle/axis  of  the 
engine  of  the  equally  transverse  component  thrust/rod: 

Py—my  Sin  (a  + 9,), 

where  V is  velocity  of  the  motion  of  the  center  of  mass  of  aircraft; 
a - angle  of  attack;  - the  angle  of  engine  installation. 


The  flow  rate  per  second  of  the  mass  or  the  >7) 
be  determined  by  formula 


6 


of  engine  can 


where  W - the  exhaust  gas  velocity  from  engine  nozzle. 


On  the  basis  of  formulas  (9.39)  and  (9.40)  it  is  possible  to 
obtain  relationship  tor  determining  transverse  component  thrust/rod: 


DOC 


7t>1313Jb 


PAGE 


p _ pv  sin  (a  i 9.) 

* W — V 


at  low  angles  of  attack  and  the  angle  cf  engine  installation  it 
is  possible  to  place  sin(a±<pa) « (a±<pfl).  Then  formula  Cor  determining 


1 


will  take  the  foim: 


P, 


i T«) 

l V -V  ' 


pitching  moment  from  the  transverse  thrust  component  of  jet 


engine  is  equal  to: 
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M„=P»x,-. 


PV(a  ± ?») 
W -V 


Page  162. 


After  dividing  Loth  parts  of  the  equation  to  qSbA  and  assumin 
that  in  the  steady  level  fliqht  the  engine  thrust  is  equal  to  the 
drag  of  p-*X*=cxq,  , ne  will  obtain  expression  for  determining  the 
coefficient  of  pitching  moment  from  transverse  component  thrust/rod 
of  jet  engine  in  the  following  form: 


m,,* 


exx 


r 

T-1 


(O  ± ?.). 
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where 


the  total  ttomen t coefficient  from  the  engine  thrust  is  egual  to 


\ 


rr'ip-=:'n',l,  + nrrp. 


for  a propeller  engine  the  coefficients  of  mrp  and  m,p  1 are 
determined  by  relationships  (9.37)  and  (9-J8),  but  the  total 
coefficient  of  pitching  moment  from  the  thrust/rod  of  turbojet  engine 
is  determined  by  relationships  (9.37)  and  (9.41). 


The  account  or  torgue/mome nt  from  the  thrust  of  engine  has 
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important  value  luring  the  study  of  stability  and  aircraft  handling; 
therefore  the  fundamental  stability  characteristics  and 
controllability  must  be  determined  in  all  basic  engine  power  ratings. 


In  order  that  a change  in  the  engine  power  rating  would  not  lead 
to  a substantial  change  in  the  coefficient  of  the  pitching  moment  of 
aircraft,  the  a rra  ngement/peruiutation  of  engines  on  aircraft  must  be 
so  that  distance  from  the  center  of  mass  to  the  thrust  line  bygone  as 
possible  is  less.  E xception/el iminat ion  can  compose  the  case  of 
applying  a special  engine  for  the  balance  of  aircraft  with  landing 
and  takeoff. 


9.5.  Longitudinal  control  foices  and  tor  jue/moments. 


Since  the  aircraft  as  absolute  solid  possesses  six  degrees  of 
freedom,  its  motion  can  be  presented  as  sum  six  motions;  three 
forward/progressive  and  three  rotary  relative  to  Mie  coordinate  axes. 


Control  of  these  motions  in  the  general  case  requires  presence 
six  of  independent  controls.  However,  for  a man  bygone  vary  it  is 
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difficult  coordinated  to  realize  six  independent  controls.  In  this, 
there  is  no  special  need:  on  aircraft  and  helicopters  - the  flight 
vehicles,  which  move  in  the  dense  layers  of  tht  atmosphere,  controls 
by  some  motions  are  combined  and  the  number  of  controls  it  does  not 
exceed  four. 

Page  1b3. 

Thus,  for  instance,  on  aircraft  controls  of  pitch  and  normal 
displacement  (alonj  the  axis  Oy,)  are  combined  in  one  orgar./control  - 
elevator,  by  one  organ/control  - by  ailerons  - is  realized  roll 
control. 

Control  of  transverse  translation  (along  the  axis  Dz,)  and  by 
the  motion  of  yawing  is  conducted  with  the  aid  of  rudder,  while 
control  of  the  longitudinal  forward  motion  (along  the  axis  °x,)  - by 
a power  change  with  the  aid  of  engine-control  lever  - throttle 
control.  Control  of  helicopter  also  is  realized  four  by 
organ/controls,  but  unlike  aircralt  those  which  were  combined  will  be 
control  of  pitching  and  the  longitudinal  forward  motion,  pitch 
control  and  the  longitudinal  forward  motion,  roll  control  and  cross 


i 


DOC 


7 b 1 .11  Hb 


P AO  K 


5-74 

travel;  those  which  were  isola t e/i nju 1 a ted  they  will  bo  control  of 
normal  displacement  (along  the  axis  Oy,)  and  by  the  motion  of  yawing. 


During  the  action  of  controls,  their  mutual  effect  usually  is 
undesirable.  However,  as  a rule,  to  completely  avoid  this.  For 
example  on  aircraft  the  deflection  of  elevator  leads  both  to  the 
appearance  of  the  pitching  moment  and  the  change  in  the  normal  force 
and  to  the  emergence  of  force  of  periphery,  i . e. , to  the  longitudinal 
translation.  The  deflection  of  rudder  is  accompanied  by  the  emergence 
of  bank,  yawing  and  cross  travel.  On  helicopter  with  tail  rotor,  the 
deflection  of  col 1 ect iv e- pitch  lever  is  accca panied  by  an  increase  in 
the  reactionary  torque,  which  causes  the  motion  of  yawing.  For  the 
correction  of  incidental  motion  for  pilot  it  is  necessity  *o  deflect, 
the  appropriate  control  levers  of  ailerons  - in  the  second;  for  a 
helicopter  with  tail  rotor  - control  lever  of  the  motion  of  yawing 
(by  space  of  tail  rotor).  This  mutual  effect  of  controls  requires  the 
complex  motor  coordination  of  pilot. 


The  effectiveness  of  control  is  estimated  at  of  the  control 
force  and  torque/moment,  created  at  the  individual  deviation  of  the 
control  or  control  lever  of  it« 
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In  the  taken  rijht-handed  coordinate  system  positive  are 
considered  the  deflections  of  controls  co unterclock vise  (if  we  look 
from  the  side  of  the  positive  direction  of  the  axle/axis  of  the  body 
coordinate  system  in  parallel  to  which  is  airariqed  the  rotational 
axis  of  control).  Based  or  this,  the  down-elevator  deflections,  and 
rudder  will  be  to  the  right  positive-  For  ailerons  the  anqle  of 
deviation  is  determined  accord ing  to  this  same  principle.  Positive  is 
considered  the  aileron  deflection  of  the  right  aileron  down,  left  - 
upward. 

As  it  was  noted  above,  as  altitude  controls  serve  elevator  and 
the  control  lever  of  the  thrust.  For  a control  of  the  longitudinal 
forward  motion,  can  be  utilized  also  aerodynamic  brake,  reversing 
thrust/rod,  brake  parachute,  etc.  Along  with  aerodynamic  controller 
height/altitudes  for  accomplishing  the  same  functions  can  be  utilized 
the  stability-guidance  gets  (on  the  airplanes  of  vertical  takeoff  and 
landing),  the  thrust  vector  deflection  of  engine  and  other  means. 


Page  184 


DOC  = 761J1J36 


PAGE 


£7g 


The  effectiveness  of  control  of  the  longitudinal  forward  notion 
in  the  case  ot  use  for  this  purpose  of  a power  change  is  estimated  at 
the  derivative 


where  of  the  , i.e., 

fuel  feed  to  engine. 


the  angle  of  deflection  of  the  sector  of 


Forces  and  torque/uoments,  created  by  the  aerodynamic  controller  of 
height/altitude. 


Control  vane  of  the  motion  of  pitch  (elevator)  is  aide  either  in 
the  form  of  the  suspended  with  joints  being  deflected  part  of  the 
horizontal  tail  assembly  or  wing  (elevons) , or  in  the  form  of  the 
controllable  stabilizer. 
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If  control  is  suspended  to  tail  assembly  or  wing,  then  the  lift 
of  this  aircraft  component  depends  on  the  angles  of  attack  and 
deflection  of  control.  This  dependence  in  the  flight  range  of  the 
angles  of  attack  and  deflections  of  control  is  linear: 


Cr./s) 


where  1 is  t he  index,  which  shows  aircraft  component,  to  which  is 
fastened  the  control;  a(>-«(a  — a0)<  <*re  an  aerodynamic  angle  of  attacic 
of  this  part  of  the  airplane;  “ t^ro  angle  of  attack  (angle  of 

attack  with  of  is  an  elevator  angle. 


Expression  (9.4J)  can  be  also  presented  in  the  form 


AK,=y';(a  + «A). 


where  the  n,= 


y',' 


V 


y 


- coefficient  of  the  relative 


eW 


elevator-effectiveness  derivative,  which  shows,  in  how  often  the 
force,  whicn  appears  during  the  deflection  of  stick,  more  the  force, 
created  this  aircraft  component  during  a change  in  its  angle  of 
attack  to  the  same  value.  The  coefficient  of  the  relative 
effectiveness  of  control  approximately  can  be  determined  by  the 


f'KBUldS  of 


-/i; 


- at  the  subsonic  flight  speed  and  /i,=- 
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- at  supersonic  flight  speed.  Here  S*  - the  area  of  elevator;  *S« 

- surface  area,  operated  by  control,  including  the  area  of  control. 

At  the  subsonic  flight  speed  as  a result  of  the  deflection  of 
elevator,  occurs  the  change  the  d iagram/cur ves  of  pressure  in  entire 
tail  assembly  (Fig.  S* - 1 4a ) - 


Page  185. 


At  supersonic  deflection  velocity  of  elevator  changes  the 
diagr am/cur ve  of  pressure  only  on  control  (Fig.  9.14b) ; therefor*  the 
coefficient  of  the  relative  elevator-effectiveness  derivative  of  gggg 
at  supersonic  speed  less  tnan  at  subsonic  speed  (Fig.  9.15)  *. 


FOOTNOTE  ‘.  Here  the  expression  of  ~mi  ‘ — is  ratio  derivative 

t N«CM 

taking  into  account  compressibility  to  derived  not  allowing  for 
compressibility.  ENDFOOTNOTE- 


Control  force  is  equal  to; 
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A r.  = Ym,nK\ 


if  - the  coordinate  of  the  point  of  the 

application/appendix  of  control  force  (Fig.  9.  16)  , then  the  governing 
torque/moment  is  determined  from  formula 


a Af, 


by  the  effectiveness  of  control  accepted  to  call  the  vaLu», 
equal  to  the  torq ue/momen t , created  control  during  his  deflection  of 
the  unit  angle: 


(I  41) 


i 
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after  dividing  equality  (9.44)  into  fShA  • will  obt  a in 
expression  for  determining  the  coefficient  of  the 
elevator-ef feet ive ness  deri vati ve : 

( */•  /-S'.) 

where 


the  TAT  of  /(' 


the  dray  coefficient  of 


The  concrete/s  pec  if ic/act ua 1 expression  of  formula  (9.4S) 


depends  on  the  arrangement  of  elevator,  namely: 
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A)  if  control  is  established/inst ailed  on  the  horizontal  tail 
assembly,  at  range/located  in  the  aft  fuselage  section  of  ^r.o  = — 

(F  iy.  9.16a),  then 


m 


^-tJrAArir  o«.=  “'i'o^r^r.o'1. 


b)  if  control  is  established/installed  on  the  horizontal  tail 
assembly,  the  forward  facing  of  the  fuselage  (Fig.  9.16b),  to 
— 1 \ Xi  = L,?'  © a nd 

ttlzn^C y r.0^5 


c)  if  control  is  arranged  in  the  rear  portion  of  th3  wing  (Fig. 

9.16c),  of  k -la.;  5.- g=-  (S«p  - part  of  the  wing  area,  occupied 

•S  A 

with  elevator),  then 
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Page  18b. 


Fiy.  9.14.  Change  in  the  distribution  of  pressure  on  horizontal  tail 
assembly  during  the  deflection  of  elevator  in  subsonic  (a)  and 
supersonic  (b)  flows. 
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Fig.  9.  IS.  Dependence  of  the  elevator-ef fectiveness  derivative  on 
Mach  number. 


Key:  (1) 


Controllable  stabilizer.  (2) 


Elevator. 
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Fig.  9.16.  Diagram  for  determining  the  longitudinal  governing 
torgue/ioment  for  different  airplane  designs:  a)  usual  diagram;  b) 
canard  configuration;  c)  diagram  and  "bobtailed  aircraft". 


Key:  (1).  Wing.  (2).  Control- 
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Page  187. 


It  is  deflected  entire  surface  (controllable  stabilizer,  wing) , 
then  the  coefficient  of  effectiveness  is  determined  from  formula 
(9.45)  under  the  condition  of  «■  = !. 


The  obtained  expressions  tor  the  coefficient  of  the 
elevator-effectiveness  derivative  make  it  possible  to  determine 
moment  coefficient  in  the  form 


the  effectiveness  of  the  aerodynamic  controller  of 
height/*.- ’titude  as  other  aerodynamic  characteristics,  it  depends  on 
flach  number,  on  the  subcritical  Bach  numbers,  the  coefficient  of 


supersonic  speeds  of  flow  and  in  connection  with  this  - local  shocks 
which  with  an  increase  of  n,  being  displaced  back/ago,  are 
arrange/iocated  in  the  range  of  control,  leads  to  a considerable 
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decrease  in  its  effectiveness.  Transition  from  transonic  speeds  to 
supersonic  is  accompanied  by  certain  restorat ion/reduct  ion  of  the 
effectiveness  of  control;  however,  the  effectiveness  of  control  all 
the  same  proves  to  be  considerably  less  than  at  subsonic  speeds  (see 

Fig.  9.15). 

non-aerody namic  controls  of  pitch. 

under  conditions  of  the  flight  of  aircraft  at  very  low  speed  or 
at  high  altitudes  the  aerodynamic  controllers  are  barely  effective. 
Therefore  appears  the  need  of  applying  non- aerodynamic  controls.  As 
energy  source  for  producing  governing  torgue/moment  and  force  in 
then,  is  utilized  the  energy  of  power  plant.  Let  us  examine  the 
effectiveness  of  some  of  similar  organ/controls. 

During  control  of  the  rotation  of  engine  (Fig.  9.17a)  governing 
torgue/moment  is  equal  to 
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where  the  fa p ~ the  arm  of  of  thrust/rod  relative  to  the 


center  ot  mass  of  aircraft. 


At  the  low  angles  of  deflection  of  the  ot  engine 


hP = (•**  ~ •*,)  sin  8,  =s:  ( xx  — x,)  8,. 


then  the  effectiveness  of  engine  control  is  equal  to 
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(f-  It ) 


control  can  be  carried 
but  also  by  the  rotation  of 
ttarust/rod  of  jet  nozzle  is 
of  the  center  of  gravity  of 
is  its  distance  of  the 


out  not  only  by  the  rotation  of 
jet  nozzle  and  by  jet  vanes.  In 
designated  by  the  f , and  its 
is  normal  force  of  jet 
center  of  mass. 


engine. 
Fig.  9.17 
distance 
vane,  and 


E 


s~9/ 


ntrol  of  the  rotation  of 


:e  jets. 
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Jet  vanes  - these  ate  the  actually  aerodynamic  controllers, 
established/installed  in  the  gas  jet  ot  engine  (Fig.  9.17b).  The 
effectiveness  of  jet  vane  is  similar  aerodynamic: 


■<’, — y-L,. 


0 p) 


V 


here  - distance  from  the  center  of  mass  of  aircraft  to  the 

center  of  pressure  of  jet  vane; 


^IrVrSr 


where  the  fr  are  similar  velocity  head  of  gas  jet;  -Sp  ~ the  area 

ot  jet  vane. 
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Stability-guidance  jets  differ  in  terms  of  larger 
structural/design  simplicity  and  widely  are  applied  in  VT3 L aircraft 
and  the  apparatuses,  which  fly  in  the  strongly  rarefied  medium,  as 
working  med ium/propel lant  in  such  controls,  is  utilized  either  the 
gas,  take/selected  after  turbine  TRD  or  air,  take/selected  from 
compressor  TRD,  or  the  gas,  obtained  from  special  installation. 
Stability-guidance  jets  are  made  in  the  form  of  rotary  or  fixed 
nozzles  (Fig.  9.17c).  In  the  latter  case  the  effectiveness  of 
stability-guidance  jet  is  determined  from  formula 


V lc 


where  the  m]*  - derivative  of  the  mass  flow  rate  per  second  of  air 

(gas)  through  the  nozzle  in  terms  of  angle  of  deflection  or  the 

linear  displacement  of  the  steering  control  of  Am;  Vu  - exhaust  gas 

velocity;  - the  arm  of  stability-guidance  jet  relative  to  the 

Cs 

center  of  mass.  LNJ  Page  189. 


For  purposes  of  control,  it  can  ue  expeRd/consuned  to  10-12o/o 


of  air,  passing  through  TRD 
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9.6.  Coefficient  cf  the  longitudinal  static  moment  of  aircraft. 


The  pitching  moment  of  entire  aircraft  from  aerodynamic  forces 
can  be  determined  with  the  testing  of  model  in  wind  tunnel  of 
aircraft  in  wind  tunnel.  However,  this  method  bypasses  very  dearly 
and  is  applied  in  essence  in  the  finishing  of  the  taken 
general-arrangement  diagram  of  the  ues ign/pro jected  aircraft. 
Therefore  at  the  stage  of  sketch  design,  are  applied  the 
approximation  methods  of  the  determination  of  pitching  moment. 


The  pitching  moment  of  aircraft  is  equal  to  the  sum  of  the 
pitching  moments  of  the  wing  of  MIKp,  fuselage  of  M*j>,  # engine 
nacelles  of  M, r a,  , chassis/landing  gear  of  M:m,  , horizontal  tail 
assembly  of  Afiro  and,  etc: 


Af,  = Af, , f-  Af,  + + Af,  r.i  + A/,1U  -f  Af,r .,4* 


(Uf) 
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the  mutual  effect  of  aircraft  components,  as  is  known,  it  is 
considered  during  the  ueter mination  of  the  pitching  moments  of 
aircraft  components.  After  expressing  the  pitching  moments  of 
aircraft  and  its  parts  by  the  coefficients  of  pitching  moments,  we 
will  obtain 


m,  — m,  ,p  + m, « -f  r .*  + '"»».  + 'n, . 


(?■  ft) 


by  substituting  in  formula  (9.49)  of  the  value  of  its  terms  for 

a wing  yn  (9.2),  the  fuselage  of  77)  . (9.15),  of  the  engine 

2 Kf 

nacelles  of  , chassis/landing  gear  of  m,.m  (9.19),  of  the 
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horizontal  tail  assembly  of  mrr.o  [ (9.32)  or  (9.3  1)  ],  the  engines 
of  mip  (9.42),  ol  elevator  9.46a),  we  will  obtain  expression  for 
determining  the  coefficient  of  the  longitudinal  static  moment  of 
aircraft  in  the  form 


f (x,  — xF)  cu  4-  mja^  + £lXf  *ry  -f 
~&xF  r xcu-{-  \xF  Mcv  — c'u  tokrn  (a  -f? — Dr„  — 60)  — 

-c;r.o*r..^r a • • • 


, | cu 

taking  into  account  that  ao  — “o  r— 7-,  let  us  write  relationship 

c» 

(9.60)  for  the  case  of  the  absence  of  torque/moment  from  the  engine 
thrust  in  the  form 

✓ 


where 
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miO  = rm#_t_,n*0*  — ^ro^r.o^r.n^O  *o)» 
mL/=x,  — xF  — rr  okr  oAr,„  ^ — -|-A.>c><}>  + A.t/-lll, 

m:=-^ro*r«-4r..<°. 

m\ * = «»mJ  = — cJ*r.oar.«B»  < 0-/^ 


Page  190. 


► 


From  formulas  (9.51)  and  (9.52),  valid  at  small  ingles  of 
attack,  it  follows  that  t up  pitching  moment  of  aircraft  linearly 
depends  on  the  lift  coefficient  (but  that  meaus  and  from  angle  of 
attack) , of  the  angle  of  stabilizer  setting  and  elevator  angle. 
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Li  we  name  the  longitudinal  focus  of  aircraft  point  on  the  chord 
relative  to  which  pitching  moment  does  not  depend  on  angle  of  attack, 
then,  by  designating  the  coordinate  of  this  point  of  the  aircraft 
through  the  xfc,  *e  wi ' L obtain  that  with  xt  = xfc  t the  particular 
product  tnrt»  must  be  equal  to  zero.  Then  from  appropriate  equality 
(9.52)  for  the  coordinate  of  the  focus  of  aircraft  we  obtain 


xFc  XF  + r o^r.o^r.o 


Cf.ss) 


that  it  maker  it  possible  to  write  the  partial  derivative  in  the  form 


mc/=x,—xre. 
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of  this  very  important  relationship  it  follows  that  the 
particular  derived  m is  equal  to  the  distance  between  centers  of 
masses  and  the  longitudinal  focus  of  aircraft,  divided  into  the  mean 
aerodynamic  chord.  The  sign  of  derivative  will  be  uegative,  if  the 
center  of  mass  is  arranged  in  front  of  the  focus  of  (jrT<xJf). 


Taking  into  account  equality  (9.54)  tor  the  coefficient  of 
pitching  moment  (9.51)  it  is  possible  to  obtain  relationship 

( %sr) 


m,s=mt (jct— + 
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the  analysis  of  the  long itudi na 1 static  stability  and  aircraft 
handling  can  be  made  with  the  aid  of  equation  (9.55)  in  which  all 
coefficients  witn  of  alternating/variable  c„,  q>,  6»  and  the  absolute 
term  of  w>ro  are  determined  from  relationships  (9.52)  and  (9.54). 


Questions  for  repetition. 


1.  Explain,  why  the  focus  of  the  isolated/ insulated  wing  unaer 
the  effect  of  the  fuselage  with  of  akMkp  is  displaced  to  the  spou* 
of  the  mean  aerodynamic  chord? 
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2.  To  which  side  from  the  focus  of  the  isolated/insulated  wing, 
is  displaced  the  mean  aerodynamic  center  of  wing  taking  into  account 
the  effect  or  engine  nacelles,  arrange/located  on  aft  fuselage 
section?  why? 


3.  Can  be  the  coefficient  of  *r.o>l  for  aircraft  with 
engine-propeller  combination? 


4.  How  do  change  the  torque/moments  of  horizontal  tail  assembly 
as  a result  of  downwash,  created  with  wing? 


Page  191. 

5.  To  an  increase  in  whic1  torque/moment  - pitching  or  diving 
does  lead  the  oblique  airflow  of  the  screw/propellers  of  aircraft? 


6.  Examine  effect  on  the  effectiveness  of  the  control  of  Mach 
number,  of  the  angle  of  attack  and  geometric  dimensions  of  horizontal 
tail  assembly. 
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The  problem 


to  determine  the  displacement  or  the  mean  aerodynamic  center  of 
wing  of  aircraft  11-18,  caused  by  the  nose  effect  of  the  fuselage,  if 
it  is  known  that  the  center  of  pressure  of  its  is  arranged  at  a 
distance  5 m of  the  leading  edge/nose  of  fuselage,  the  mean 
aerodynamic  chord  is  equal  to  4.05  ru  and  its  leading  edge  is  arranged 
in  14  m of  the  leading  edge/ncse  of  fuselage.  Are  known  also  th*3 
following  data:  the  derivative  of  the  lift  coefficient  of  the  forward 
fuselage  in  the  angle  of  attack  of  cIhoc~2  (is  related  to  maximum 
cross  section  of  fuselage),  the  same  wing  of  cl= 5,2,  the  diameter  of 

the  midsection  of  fuselage  3.5  m,  the  wing  area  140  m2,  the  center  of 
gravity  are  arranged  at  a distance  20o/o  MAC. 


Answer/response;  a*,*— 0.064. 


end  section 
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Chapter  X 


LATERAL  STATIC  FORCES  AND  CflBfrflDt/MOflENTS. 


10.1.  Lateral  forces 
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In  flight  of  aircraft  without  slip,  it  will  flow  itsalf  by 
symmetrical  flow  relative  to  its  plane  of  geometric  symmetry; 
therefore  pressures  on  the  lateral  surfaces  of  aircraft  are 
symmetrically  distributed  relative  to  this  plane.  In  flight  with 
slip,  the  symmetry  of  flow  is  disturbed,  in  consequence  of  which  on 
the  lee  siue  pressure  is  reduced,  and  on  windward  - it  is  raised.  The 
pressure  difference  is  the  reason  for  the  emergence  of  the  lateral 
aerodynamic  force  of  Z,  arrange/located  in  plane  perpendicular  to 

4 

velocity  vector.  At  glancing  angles,  the  lateral  force  is  virtually 
equal  transverse  - resulting  the  forces  of  pressure#  directed  alonq 
the  normal  to  the  plane  of  symmetry- 

The  approximate  cnaracter  of  the  distribution  of  the  forces  of 
pressure,  which  act  on  the  iateral  surfaces  of  aircraft  at  subsonic 
and  supersonic  flight  speeds,  is  shown  in  Fig.  10.1. 


The  dominant  role  in  producing  the  lateral  aerodynamic  force 
belongs  to  fuselage  and  the  vertical  tail  assembly  of  aircraft.  Can 
turn  out  to  be  also  considerable  the  force,  caused  by  th?  unsy  inmetric 
flow  about  the  engine  nacelles  or  packages  of  engine  plants.  As 
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concerns  wing,  then  its  portion/fraction  in  producing  the  lateral 
force  is  i nsign it  leant , and  usually  it  they  disregard. 


The  node  or  the  action  of  the  resultant  of  the  lateral  forces  Z 
with  the  plane  of  symmetry  (point  of  F9  in  Fig.  10.2)  is  called  of 
the  lateral  center  of  pressure  of  airplane;  on  the  strength  of 
geometric  symmetry  the  center  of  pressure  and  focus  coincide. 


Thus,  the  lateral  aerodynamic  force  can  be  represented  in  •-he 
for®  of  sum 


Z\SxZ  — „-f  Z„.r,  ([0J  ) 


where  the  Z$,  Z,.0l  ZM.r  are  the  lateral  forces,  created  respectively 
by  fuselage,  by  vertical  tail  assembly  and  engine  nacelles.  Since  in 
flight  sli(  angle  does  not  exceed  0.1-0.15  is  glad,  in  this  range  of 
slip  angles  dependence  Z = 1 (p)  can  be  accepted  linear;  therefore 

Z-Z’p-495p.  f/Qj) 
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Fig.  10.1.  Approximate  distribution  ot  forces  of  pressure  on  t h 
lateral  surfaces  of  aircraft  during  subsonic  (a)  and  suoersonic 
flight  speeds  (b)  . 


Pig.  10.2.  Diayram  of  the  lateral  forces,  which  act  on  aircraft 
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In  the  adopted  system  of  coordinates,  the  slip  angle  is 
considered  positive,  if  slip  is  made  for  the  right  wing  (see  Fig. 
10.1).  With  3 > 0 lateral  force  and,  consequently  Z1*  they  will  be 

negat i ve. 


The  lateral  force,  created  by  fuselage,  is  determined  analogous 
with  the  determination  of  its  lift: 


derivative  of  siae-force  coefficient  in  slip  angle  is 

approximately  equal 


With  slip,  as  a result  of  the  taper  of  vortex  wake  after  wings 
to  the  side  of  the  delaying  wing  and  effect  of  fuselage  on  flow,  sli 
angle  in  the  field  of  vertical  tail  assembly  it  differs  from  angle  j) 
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undisturbed  flow  to  the  angle  of  the  lateral  taper  of  £ . Taking 
this  into  account  of  influence,  the  vertical  tail  lift  can  he 
determined  by  formula 


where  the  <7.0  - velocity  head  in  the  field  of  vertical  tail 

assembly. 


The  lateral  force,  created  by  engine  nacelles,  is  determined 
analogous  with  the  lateral  force  of  fuselage. 


DOC  = 7 b 1 4 1 3 Jb 


page  *rr" 


(,/» 


The  side-force  coefficient  of  aircraft  according  to  formulas 
(10.1)  - (10.4)  can  be  presented  in  the  form 


where  the  = are  a relative  area  of  the  i aircraft  component; 

s‘  S 

¥ - fi>  o - the  drag  coefficient  of  flow  in  the  field  of  vertical 

■> 

tail  assembly. 


The  value  of  k,.0  depends  on  the  place  of  the  arrangement  of 
vertical  tail  assembly  on  aircraft  and  ,1ach  number.  With  M <M„P  the 
value  of  ku.o  lie/rests  at  limits  of  C.  9-0. 9^,  with  f > 1.3  is 
equal  to  unity.  Approximate  dependence  CJ,„  =/(M)  is  Jiven  in  Fig. 

10.  3. 


The  lateral  force  is  created  by  engine  plant.  With  slip  -he  flow 
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falls  in  input  device  TRD  [ - turbojet  engine]  or  approaches 

the  plane  of  the  r ota ti on/re vo 1 uti on  oi  screw/propellet  at  an  angle 
the  axle/axis  of  engine,  by  approximately  equal  to  fl,  which  is 
accompanied  by  a change  in  the  mome  nt  um/i  in  pulse/p  ulse  or  flow  along 
the  normal  to  axle/axis;  as  a result  appears  the  transverse  force, 
which  acts  on  sere w/pro pellet  or  the  lateral  surface  of  input  device 
TRD.  This  force  it  is  possible  to  define  just  as  the  transverse  force 
of  power  plant,  caused  by  angle  of  attack- 


Of  some  layouts  of  aircraft,  exhaust  jet  or  air  jet, 
reject/thrown  by  screw/propeller,  changes  the  lateral  rake  angle  in 
the  field  of  tail  assembly  and  thereby  the  value  of  the  lateral 
force,  created  to  them.  Tnis  effect  more  reliably  can  be  taken  into 
account  on  the  base  of  experimental  studies. 


10.2.  The  static  moment,  of  yawing  (turning  up  torgue/mom  ent)  . 


By  the  yawing  moment,  or  by  the  turning  up  torque/moment,  it  is 
accepted  to  call  moment  with  respect  to  body  axis  Oy,.  The  yawing 
moment  is  created  by  the  lateral  force  of  aircraft.  Since  with  the 
lateral  forces  we  were  acquainted  above,  it  remains  to  determine  the 
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points  ot  their  app licati on/append ix,  i.e.,  the  lateral  foci  of  loose 
parts  and  aircraft  as  a whole. 


Wit:,  the  subcntical  Mach  numbers,  the  center  of  pressure 
(focus)  of  the  isolated/insulated  fuselage  and  engine  nacelles  is 
arranged  approximately  at  a distance  of  (0. 1—0, 15) 4 from  its  leading 
edge/nose  and  virtually  does  not  change  to  »■ 


Page  195. 


Transition  to  supersonic  flight  speeds  leads  to  the  qualitative 
change  in  the  distribution  of  the  lateral  forces  of  pressure  along 
fuselage  (see  Fig.  10.1)  and  to  the  center-of-ptessure  travel 
back/ago.  Furthermore,  on  the  center-of-pressure  location 
substantially  affects  the  form  of  the  forward  fuselage,  depending  on 
which  at  supersonic  speeds  the  center  of  pressure  can  turn  out  to  be 
that  which  was  arrange/located  at  a distance  of  (0, 20-^0, 6)4-  With  an 

increase  in  the  slip  angle,  the  center  cf  pressure  of  fuselage  is 
displaced  back/ago.  In  the  first  approximation,  with  low  p this 
effect  can  be  disregarded- 
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The  center  of  pressure  (focus)  of  vertical  tail  assembly  is 
defined  just  as  mean  aerodynamic  center  of  wing  or  horizontal  tail 
assembly  (chapter  IX)  . 


By  analogy  with  pitching  moment  the  aerodynamic  static  moment  of 
yawing  of  the  ff\ ^ cf  aircraft  with  the  horizontal  arrangement  of 
wings  can  be  determined  on  the  one  hand  by  formula  (Fig.  10.2)  : 


Af,  = — Z(x,— xn). 


with  another  - according  to  formula  from  experimental  aerodynamics: 


M,  = mr 9 l. 


equating  the  right  sides  of  the 
expressing  Z by  the  coefficient  of  t 


ex 


Z 


pressi 
in  a 


ons 

ccot 


for  A) 
dance 


r 

wit  h 


nd  after 

(10.2)  , 
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we  will  obtain 


:-Ct(X,-Xrt)'?, 


where  the  iT,  fFP  - respectively  the  coordinate  of  the  center  of  mass 
and  lateral  focus  of  aircraft,  expressed  in  the  portion/fractions  of 
the  spreaa/scope  of  wings. 

The  coordinate  of  the  lateral  focus  of  xr»  as  point  of  the 
application/appendix  of  the  resultant  of  all  lateral  forces  can  be 
expressed  as 


where  the  in  - the  coordinate  of  the  foci  of  fuselage,  vertical 

tail  assembly  and  engine  nacelle,  expressed  in  the  portion/f ractions 

■ 

of  the  spread/scope  of  wings;  are  derivative  of  the  lateral 
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rake  angle  in  terms  of  slip  angle.  Considerable  influence  on  the 
value  of  sj  exerts  wing  arrangement  by  height  of  fuselage.  In 
diagrams  "high  wing  monoplane"  and  "low  wing  monoplane",  most  widely 

accepted  for  transport  aircraft,  this  influence  most  is  substantial; 

* «=!i 

1 q ~ - the  drag  coefficient  or  flow  in  the  field  of  the  i 
aircraft  component  in  guestion. 
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Fig.  10.4. 
the  lateral 
monoplane ; 


UiL 

Interference  effect  of  winq  and  fuselage  on  the  angle  of 
taper  in  the  field  of  the  tail  assembly:  a)  high  wing 
b)  low  wing  monoplane. 
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lr  the  case  of  flight  in  a slip,  the  interaction  of  wing  and 
fuselage  in  diagram  "high  wing  monoplane"  is  eguivalent  to  an 
increase  in  the  effective  angle  of  attack  in  the  cross  sections, 
close  to  on-board,  the  pushed  forward  in  flow  wing  and  its  decrease 
in  the  same  cross  sections  of  the  delaying  wing  (Fig.  10.4).  This 
unsymmetric  distribution  of  supplementary  angles  of  attack  (that 
means  and  c»ccm  ,)  leads  to  the  appearance  of  the  lateral  pressure 
gradients,  which  produce  downwash  to  the  side  of  the  pushed  forward 
wing  in  the  points,  arrange/located  higher  than  the  wing  plane,  and 
to  the  side  of  the  delaying  wing  at  the  points,  arrange/located  lower 
than  the  wing  plane.  The  vertical  tail  assembly  usually  is 
arrange/located  above  wing  plane;  therefore  the  phenomenon  described 
above  lowers  the  effective  angle  oi  the  vertical  tail  assembly  of 
(Fig.  10.  4a)  . In  this  case,  decreases  the  torque/moment, 
created  by  vertical  tail  assembly,  which  produces  the  need  for  the 
setting  up  of  more  powerful  vertical  tail  assembly  on  the  aircraft, 
executed  by  diagram  "high  wing  monoplane". 

In  diagram  the  "low  wing  monoplane"  the  interaction  of  wing  ana 
fuselage  with  slip  leads  to  inverse  effect  and,  therefore,  to  an 
increase  in  the  effective  angle  of  vertical  tail  assembly  (Fig. 

10.4b) . 
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The  yawiny  moment,  created  by  thrust  of  enyines,  in  essence  is 
determined  by  toryue/moment  from  the  transverse  thrust  component.  If 
the  coordinate  of  the  entrance  of  the  enyine  of  then  the 

yawiny  moment,  created  thrust  relative  to  the  center  of  mass,  will  be 
equal  to 


Mi/p  — P t*  x.»« 


fine  should  consider  the  influence  of  the  supplementary 
torque/moment,  caused  ny  exhaust  jet  TP D or  by  air  jet  behind 
sctew/propeller , to  ait— load  distribution  according  to  vertical  tail 
assembly  and  aft  fuselage  section. 


10.3.  The  static  moment  of  the  bank  of  aircraft 
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By  the  moment  of  coll  it  is  accepted  to  call  moment  with  respect 
to  body  axis  0xt  aircraft.  The  static  moment  of  the  bank  of  aircraft 
in  essence  is  created  by  miny  and  vertical  tail  assembly. 
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Fig.  10.5.  Diagram  of  flow  around  ot  the  wing  with  slip. 
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Moment  of  roll,  created  1>  y wing.  The  flow  ct  asymmetric  flow 
about,  the  rectangular  wing  can  be  presented  as  result  of  the 
imposition  of  two  flows:  normal  to  leading  wing  edge  and  spanwise 
flow  (Fig.  10.5). 


distribution  pressure  from  wing  section  it  is  determined  normal  by 
velocity  component  V cos  p,  therefore,  if  we  disregard  the  wing-tip 
effect#  lift  it  varies  in  proportion  to  cos*p. 


The  lateral  flew  as  a result  of  the  tiniteness  of  the  wingspan 
exerts  a substantial  influence  on  the  character  of  wing  loading, 
especially  in  its  end  cross  sections.  The  effect  of  this  factor 
grow/nses  with  a decrease  in  the  wing  aspect  ratio. 


In  the  first  approximation,  yaw  effect  on  pressure  distribution 
according  to  the  wing  sections  ot  the  final  spread/scope  can  be 
explained  by  the  summation  of  the  pressures,  caused  by  flows  with  a 
velocity  of  V cos  p and  V sine  p.  For  a flow  with  a velocity  of  V 
sine  p by  leading  wing  edge  serves  the  end  of  the  pushed  forward 
wing,  and  rear,  i.e.,  the  end  of  the  delaying  wing.  The  distribution 
of  Ctcn  according  to  the  spread/scope  of  plane  the  rectangular 
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pt yam ougol * go  of  wing  in  this  case  oecoires  unsy  mmetjric. 


The  u nsy  mu  et  r ic  listribution  of  c„Cei  is  the  reason  for  the 
appearance  of  the  heeling  t orgue/momen  t,  directed  to  the  side  of  the 
delaying  wing.  Of  tapered  wing  with  an  increase  in  the  contraction , 
the  effect  of  end  effect  decreases  and,  therefore,  decreases  the 
value  of  the  heeling  torque/moinent , and  with  YJ  = 2.  5- J can  be  changed 
its  even  sign. 


Effective  means  for  a change  ol  the  heeling  torque/moment  in  the 
necessary  direction  is  the  change  or  dihedral  arm  sweep  of  (<j>)  ~ 

the  angle  between  axle/axis  Oz,  and  the  projection  of  leading  wing 
edge  on  plane  ytOzt.  The  angle  of  -^b  is  considered  positive,  if  end 
wing  sections  are  arranged  above  root  cross  sections. 


The  effect  of  dihedral  arm  sweep  on  load  distribution  according 
to  yawing  wing  can  be  explained,  if  we  present  shear  flow  in  the  form 
of  the  sum  of  two  flows,  as  this  is  bygone  made  aoove.  The  lateral 
flow  with  a Velocity  of  V sine  p leads  to  an  increase  in  the  angles 
of  attack  in  the  cross  sections  of  the  pushed  forward  wing  at  the 
positive  of  dihedral  arm  sweep  (Fig.  10. f>)  and  to  a decrease  in  them 
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Fig.  10.6.  Diagram  of  yawing  wing  with  angle  dihedral 
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Since  in  flight  the  slip  angles  dc  not  exceed  0.2  is  glad,  and 
of  dihedral  arm  sweep  not  more  than  0.1  is  glad,  change  in  the  angle 
of  attack  of  wing  sections  approximately  equally 

ia«  ± fy,  (/0-f  J 

whereupon  positive  sign  is  related  to  pushed  forward,  but  "minus"  is 
related  to  the  delaying  wing. 


This  unsymmetric  distribution  of  supplementary  angles  of  attack 
according  to  wings  causes  the  unsymmetric  increase  of  c»c n and  - as 
result  of  this  - the  emergence  of  the  heeling  torque/moment,  directed 
to  the  side  of  the  delaying  wing.  The  value  of  this  torgue/moment  is 
determined  by  integration  for  the  spread/scope  of  the  torgue/moment, 
created  by  an  increase  in  the  normal  force,  which  acts  on  the  element 
wing  bdz; 


//* 

“ 2?  f e}l  Aa  | bz  dz. 


of  area  of 
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if  w e accept  as  constant  foe  spread/scope,  then  after 

integration  and  division  of  the  obtained  result  for  qS(  for  a tapered 
wing  we  will  obtain 


“** — °’166 


where  the  yif  - the  coefficient  of  the  heeling  torque/mo  ment , 

* 'f 

caused  of  dihedral  arm  sweep,  tj  - wing  taper. 


It  should  be  noted  that  the  torque/momen t,  caused  by  the 
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presence  of  dihedral  arm  sweep,  does  not  depend  on 
(we  are  speaking  about  angles  ol  attack,  where  the 

e*™/(«)  linear). 


angle  of  attack 
dependence  of 
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In  flight  with  slip  to  aircraft  with  sweptfcack  wing,  acts  the 
supplementary  neeliny  torque/moment,  caused  by  sweepback. 


The  appearance  of  this  torque/moment  is  caused  by  different 
effective  slip  angles  of  the  pushed  forward  along  flow  wing  and  of 
that  which  delay: 

where^  is  a sweep  angle,  positive  sign  is  related  to  that  which 
delay,  and  "minus”  to  the  pushed  forward  wing. 

Of  sweptback  wing  the  effective  angle  of  attack  of  wing  (angle 
chord  wise , normal  to  the  line  of  1/4  chords.  Fig.  10.7a)  will  be 
equal  to: 
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with  slip  ( F i <j  . 10.7b): 


for  the  pushed  forward  wing 


eo»(x-p) 


CO*  (x+P) 


for  the  delaying  wing 
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the  lift,  created  by  the  cell/elemen t of  wing  dz,  is  equal  to 


for  the  pushed  forward  wing 


co*  (l  — 3) 
cot  i 


d*\ 


for  the  delaying  wing 


dY . 


,c-nqba°!tll±lLdZ' 
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After  Jetermi  ning  the  elementary  t cr que/mome nt , created  by  these 
forces  of  relatively  longitudinal  axis,  after  integration  for 
spread/scope  with  low  8 and  the  constant  of  we  will  obtain  the 

following  expression  tor  the  coefficient  of  the  heeling 
torgue/moment,  caused  by  the  sweepback: 


m „ = — 0, 166  l±i-  c*.  te  y . 

h + I 


comparing  dependences  (10. ‘1)  and  (10.10),  it  is  possible  to  make 
the  conclusion  that  the  rolling-moment  coefficient,  caused  Ly 
sweepback,  unlike  moment,  coefficient,  caused  of  dihedral  arm  sweep, 
depends  on  lift  coefficient  (angle  of  attacx)  and  with  an  increase  in 
the  latter  it  increases  in  absolute  value. 


However,  it  is  necessary  to  remember  that  the  discussion 
concerns  flight  angles  of  attack  (a  < 0.  1-0.2  is  glad);  at  high 
angles  of  attack,  as  a result  of  tne  peculiar  development,  of 
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disruption/separation  on  the  spread/scope  of  sweptback  wing,  the 
coefficient  of  tne  heeling  torgue/uiomen  t,  caused  by  swaepback,  with 
an  increase  in  the  angle  of  attack,  it  will  decrease  in  absolute 
value  and,  beginning  with  certain  angle  of  attack,  it  can  change  sign 
to  opposite.  Of  unswept  wing  such  phenomena  are  not  observed  (Fig. 
10.8)  . 
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10.4.  Moment  of  roll,  created  Dy  vertical  tail  assembly 
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Thus,  the  toll ing-moment  coefficient  oi  wing  in  the  genurdl  case 
is  equal  to 


mx  up  — mxa  4"  mx*  4*  mx I, 


where  the  yf)  a “ mcment  coefficient,  proportional  to  slip  angle, 

A 

caused  by  end  effects;  mxl  are  the  moment  coefficients,  which 

depend  respectively  on  angle  dihedral  and  the  sweepback  of  wing. 


Moment  of  roll,  created  by  vertical  tail  assembly.  The  vertical 
tail  lift,  caused  by  slip,  while  is  applied  aoove  longitudinal  axis 

of  aircraft  (Fig.  10.9),  creates  the  heeling  torque/mom en t , equal  to 

f 

«•»  ~cx  , „?a.»<Sa.oi/,.o  (P  *»)• 


coefficient  of  which  it  is  expressed  by  formula 
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/WO 


o^Jh.o  //ii.o  ( 1 li)  •'—,nl  ,J. 


where  the  .V».„=^-2  are  a dimensionless  coordinate  of  the  center  of 
pressure  of  vertical  tail  assembly. 


Moment  of  roil,  caused  by  wing-root  interference  effect.  As  it 
was  noted  above,  with  slip  depending  on  wing  arrangement  by  height  of 
fuselage,  occurs  the  redistribution  of  load  on  the  wingspan. 


In  the  case  of  diagram  "high  wing  monoplane"  of  increase,  the 
c»«i  bear  the  unsymmetric  character:  positive  increase  on  pushed 
forward  and  negative  during  the  delaying  wing,  which  produces  the 
supplementary  moment  of  roil,  which  acts  to  the  side  of  the  delaying 
wing.  At  glancing  angles  the  rolling-moment  coefficient  directly  of 
proportional  to  angle  p: 
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In  the  case  of  diagram  "low  wing  monoplane"  the  picture  is 
reverse/inverse:  the  supplementary  moment  of  roll  acts  to  the  side  ot 
the  pushed  forward  along  flow  wing.  With  the  average/mean  wing 
arrangement,  supplementary  torg ue/mome nt  virtually  is  absent. 

Thus,  the  coefficient  ot  the  static  moment  of  the  bank  of 
aircraft  can  be  determined  in  the  form  cf  the  sum: 


mx=m^  = rox„p  + mx,  „ + 00,tf ) 


the  rolling-moment  coefficient  of  aircraft  depends  on  qach 
number,  which  is  connected  with  a change  in  the  lift  effectiveness  of 
aircraft  components  in  li.  The  approximate  dependence  of  = is 

given  in  Fig.  10.10. 

10.4.  Lateral  control  forces  and  torque/moments. 
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The  lateral  aircraft  control  is  realized  ty  two  organ/controls: 
a rudder  and  by  the  ailerons,  intended  for  a change  in  the  yaw 
angles,  slip  and  bantu 


The  functions  of  these  or gan/cont rol s are  interconnected:  the 
deflection  of  rudder  leads  to  the  rotation  of  the  nose  of  aircraft 
and  to  bank,  bdt  during  the  aileron  deflection  along  with  the  moment 
cf  roll  appears  the  yawing  moment.  For  the  target/purpose  of  a 
decrease  in  the  effect  of  ailerons  on  the  motion  of  yawing  on  some 
aircraft,  are  applied  differential  ailerons,  of  such  ailerons  the 
angles  of  deflection  upward  and  downward  different  (it  is  upward 
■ ore,  but  it  is  down  less),  which  makes  it  possible  to  virtually 
eliminate  yawing  during  the  aileron  deflection.  On  high-speed 
aircraft  instead  of  the  ailerons  either  along  with  ailerons  they  are 
applied  the  lamellar  (Fig.  10.  11a)  or  jet/stream  (Fig.  10.  11b) 
interceptors,  which  produce  boundar y- 1 a y er  separation  on  suction  side 
of  wing,  in  consequence  of  which  normal  aerodynamic  force  in  cross 
sections  with  the  pushed  forward  interceptor  decreases,  and 
tangential  increases. 
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Fiy.  10.11.  Diagram  of  the  action  of  lamellar  (a)  and  jet/stream  (b) 
inter  cep tor /s  po i le  r s. 


Fig.  10.12.  Diagram  for  determining  the  governing  torgue/momen  t, 
created  by  rudder. 


Key:  (1).  Vertical  tail  assemoly. 
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For  the  aircraft,  which  use  states  of  motion  at  vary  low  speeds 
or  at  high  altitudes,  when  aerodynamic  controllers  are  ineffective, 
just  as  in  the  case  of  pitch  control,  are  applied  the  jet/stream  ana 
jet  vanes  or  the  control,  realized  by  the  rotation  of  the  thrust. 


Forets  and  the  torque/moments,  created  by  rudder.  During  the 

t>v 

deflection  of  rudder,  appears  the  lateral  force,  which  acts  to  the 
side,  opposite  to  tne  rotation  of  control  (Fig.  10.12).  This  force 
creates  moments  with  respect  to  axle/axes  O*,  and  Oy,  , which  are 
respectively  equal  to: 


AM,.~\ZhL„ 


where  the^  , the  rudder  anqle,,  which  is  considered  positive 
during  the  rotation  of  control  to  the  right. 
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Page  204. 


Pig.  10.13.  Diagram  of  forces  and  torque/aone nts,  which  act  on 
aircraft  during  the  aileron  deflection. 


i 
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The  coetficient  of  the  rudder-effectiveness  derivative  we  find 
with  the  aid  of  formulas  (10.15): 


m*/=r \ . 0»  A.«*s  «.»y>  »• 
m*«  \ ».  0ftH*».o ks  • <A.«» 


C 

where  the  -f - the  coetficient  of  the  relative 

c*  ■ • /~r~ 

rudder-etf  ect  iveness  derivative;  n ~ 1/  — — with  subsonic  and 

t * V S*» 

at  supersonic  fliyht  speeds; 


HM»s- 


compressibility  effect  on  the  rudd'er-ef f ectiveness  derivative 
caused  by  changes  in  the  and  «„  in  M.  The  dependences  of 

mx*  m»"  on  H are  similar  • (see  Fig.  9.15). 
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Torque/momen  t , created  by  ailerons.  Ailerons  are  the  control 
surfaces,  suspended  at  wing  tips  and  which  are  deflected  to  different 
sides-  According  to  the  taken  rule  of  signs  - positive  is  countea  the 
aileron  deflection  of  the  right  aileron  down,  and  left  - upward  (Fig. 
10.13).  In  flight  during  wing  with  the  deflected  down  aileron, 
appears  the  supplementary  positive  normal  force  of  4 # and  at 

wing  with  the  built  up  aileron  - approximately  the  same  in  force 
intensity  of  opposite  direction.  Force  couple  of  these  creates  the 
governing  moment  of  roll  of  • It  is  simultaneous,  as  a result 

of  a change  in  the  tangential  components  of  the  total  aerodynamic 
force  of  wings,  appears  the  yawing  moment,  directed  to  the  side  of 
wing  with  the  omitted  aileron  (this  barely  is  when  using 
interceptors).  However,  during  low  angles  of  attack  and  small  wing 
aspect  ratio,  the  yawing  moment,  created  by  ailerons,  is  short  and  it 
can  be  disregarded. 


Page  205. 


If  we  consider 


constant 


in  the  normal  force  it  is  possible 


on  the  wingspan,  then  an  increase 
to  determine  by  formula 
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a the  coefficient  of  aileron-effectiveness  derivative  from  formula 


ml 


O*.  k'sJ» 


where  the  l malt.  are  a relative  arm  of  the  couple  of  the  of  Al',, 

/ 

the  approximately  equal  to  the  distance  between  the  middles  of 

aileron  span,  referred  to  the  spread/scope  of  winq  (Fig.  10. 1J); 

S, 

are  the  relative  wing  area,  occupied  with  aileron; 

- the  coefficient  of  relative  aileron-effectiveness 
derivative;  n»'*y  - with  subsonic  and  at 

supersonic  flight  speeds. 


A change  in  the  c r 


in  spread/scope  is  considered  by 
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introduction  to  formula  (10.17)  of  correction  factor.  At  high  angles 
of  attack,  the  aile ron-ef fecti veness  derivative  substantially 
descenus,  especially  on  aircraft  with  swept  wings,  which  is  connected 
with  boundary-layer  separation  at  the  ends  of  the  wings.  To  an 
increase  in  the  aileron-effectiveness  derivative  contribute  the  used 
on  such  wings  fences,  slot  or  ’'teeth'*,  the  setting  up  of  more 
carrying  a ir  f oil/profi  les  at  wing  tips,  end  slats. 


10.5.  Coefficients  of  the  lateral  static  moments  of  aircraft. 

In  view  of  insufficient  precise  account  by  the  calculated 
methods  of  the  interference  of  aircraft  components  the  moments  of 
roll  and  yawing,  which  act  on  aircraft,  is  most  reliable  determined 
experimentally.  Only  at  the  stage  of  sketch  design  are  applied  the 
methods  of  the  approximate  determination  of  the  lateral 
torque/mo meats. 

The  yawing  moment  is  defined  as  sum  of  the  aerodynamic  couple  of 
the  /TV  of  the  aircrAtt  with  ne»utral  ccntrcl,  determined  from 

a 

formula  (10.6),  the  tor gue/raomen t of  the  thrust/rod  of  the  engine  of 
m the  totgue/moiient  of  |^L  ^ , created  by  rudder  (10.1b).  Thus: 
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or,  if  we  aisreyard  the  yawiny  moment  from  the  enyine  thrust  and  to 
pass  to  moment  coef ticients,  then  we  will  obtain 


m„ 


Paye  20b. 


Since 


P and 


they  enter  in  this  expression  linearly,  this 


same  dependence  let  us  present  in  the  form 
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where  tne  m^=  — c]  (x,  — xF:,);  m'"  it  is  determined  from  expression 

(10.  1 6)  . 


The  moment  of  roll,  which  appears  with  the  slip  of  aircraft,  we 
find  as  sum  of  the  moments  of  the  forces,  which  act  on  win*/,  tail 
assembly,  and  the  t erg  ue/momen  t.  of  wing-root  interference  effect, 
using  dependences  (10.11)  - (10.13),  (10.16)  and  (10.17).  This  will 

lead  to  result 


Mj"  ~ U'  «p  + /M-r»«r  + Af,..0  +MXM  + Mxt, 


or,  passing  over  to  moment  coefficients: 
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X C 


=mxKf+mXH  r+*1M  + m„  + »iIl« 

= Ko  r<+<)?+ffl»j+ 


uniting  the  terras,  which  contain  £,  we  will  obtain 


K + «'A. 


where 
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«ith  the  aid  ot  relationships  (10.18)  and  (10.19)  it  can  be 
executed  the  analysis  ot  lateral  stability  and  aircraft  handling. 

Questions  tor  repetition 

1.  Give  the  determination  ot  the  longitudinal  and  lateral  foci 
of  aircraft.  Do  coincide  they  between  themselves? 

2.  Which  two  angular  parameters  in  wing  construction  do  make  it 
possible  substantially  to  change  the  rolling  moment  of  aircraft? 


3.  Why  with  the  slip  ot  the  axisy rometr ic  isolated/insulated 

» 

airplane  fuselage  does  net  appeal  rolling  moment? 

4.  Why  aerodynamic  lateral  forces  and  torgue/moraents  do  depend 
on  slip  angle  and  do  not  depend  on  roll  attitude? 

5.  As  they  ao  affect  direct/straight  and  sweeptor ward  the 
lateral  wing  moments? 

end  section. 

' 

V 


\ 


Pages  207-2J3. 

Chapter  XI.  Forces  and  the  tratrrpmy moments,  which  act.  on  aircraft 
during  unsteady  motion. 

During  the  motion  of  aircraft  along  curved  path  to  it,  act  the 
supplementary  torque/moments,  caused  it  by  rotation/rovolution . At 
low  angles  of  attack,  these  torque/momt nts  impede 
rotation/revolution;  by  their  nature  they  ate  antitorque  moments 


DOC 


761 51 i 16 


P AG  L 


C 0SY 
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either  as  them  it  is  accepted  to  call,  that  hinder,  or  damping. 

At  near-  oi  angles  of  attack  beyond  stalling,  the  tor gue/ inom en t, 
caused  by  rotation/revolution,  can  invert  of  action,  also,  from  tta* 
which  damp  shape  rotating.  In  this  chapter  we  will  be  restricted  to 
the  examination  ot  the  range  of  low  angles  of  attack. 

Besides  the  damping  moments,  on  aircraft  act  the  cross 
aerodynamic  couples,  also  caused  by  rot at  ion/re vo luti on.  Thus,  for 
instance,  rotation/revolution  relative  to  axle/axis  Oy,  is  the  ica^on 
for  the  appearance  not  only  of  the  damping  yawing  moment,  but  also 
the  moment  of  roll;  the  rotation/revolution  of  relatively 
longitudinal  axis  0xt  produces  the  supplementary  yawing  moment.  These 
cross  aerodynamic  couples,  caused  by  the  rotaticn/revolut ion  of 
relatively  orthogonal  axle/axes,  are  called  of  spiral  t orq ue/ra omen t s. 

I In  the  examination  of  the  torque/moments,  caused  by 

rotation/revolution,  let  us  assume  that  is  valid  the  stability 
hypothesis,  according  to  which  the  instantaneous  aerodynamic  forces, 
applied  to  aircraft  components,  correspond  to  the  instantaneous 
values  of  the  angles  of  attack  and  slip,  i.e.  , 


we  will  not  accept 
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into  consideration  that  circumstance  thdt  for  producing  the 
establish/installed  value  of  aerodynamic  force  during  a sudden  chanqe 
in  the  angular  velocity  is  necessary  finite  time.  Tnerefore  the 
torque/moments  in  question  are  called  stationary,  or  quasi-static. 


The  clamping  moments  are  created  by  jet.  power  plant,  which  is 
connected  with  the  action  of  Coriolis  forces  on  the  driving  masses  of 
gas  through  the  circuit  of  engine  during  the  r eta t ion/t e vo 1 u t i on  of 
aircraft.  However,  these  torgue/momen t s are  short  in  comparison  with 
aerodynamic  and  one  should  consider  them  during  motion  at  the  very 
low  speeds  or  in  the  strongly  rarefied  atmosphere  when  aerodynamic 
couples  are  virtually  equal  to  zero. 


> * 
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of  horizontal  taii. assembly ; c)  a change  in  the  local  angles  of 
attack  of  wing. 
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Fig.  11.1.  Longitudinal  damping  moment. 


The  major  aircraft  components,  which  create  the  longitudinal 
damping  moment,  are  tue  horizontal  tail  assembly,  the  wing  and 
partially  fuselage  (body).  The  longitudinal  damping  moment  of 
aircraft  as  a whole  is  the  sum  of  these  t or gue/moments. 


Toi  iue/motien t , created  by 
rotates  relative  to  transverse 
gqggq#  all  points  of  aircraft, 
acquire  peripheral  speed  (Fig. 


horizontal  tail  assemoly.  If  aircraft 
axis  Oz,  at  the  angular  velocity  of 
eliminated  from  rotational  axis,  they 

11.  la)  . 


Being  restricted  to  the  low  values  of  angular  velocity,  it  is 
possible  to  disregard  a change  in  the  mod ule/modulus  of  the  velocity 
vector  of  this  point  of  aircraft  as  compared  with  flight  speed. 
However,  one  should  consider  a change  in  the  sense  of  the  vector  of 
speed,  since  the  aerodynamic  forces,  which  act  on  the  section  of 
aircraft  in  question,  they  depend  on  a change  in  the  local  angle  of 
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attack. 


It  the  average  value  of  the  peripheral  speed  in  tha  field  of  the 
horizontal  tail  assembly  is  equal  of  ir.ow,,  where  the  £ro 

the  arm  of  Horizontal  tail  assembly,  then  the  angle  of  attack  of 
horizontal  tail  assembly  on  the  average  will  be  changed  by  value 

(Fig.  11.1b) 


Act' 


Vr.o  ' 


Page  209. 


if  w*>0,  then  angle  of  attack  increases  by  Aa.  that  will  lead 

to  an  increase  in  the  horizontal  tail  lift  to  value 


^ r o r.^r-o-S^nAu. 
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relative  to  the  center  of  mass  this  fotce  it  will  give 
torque/momen  t 


AA4tr.o!l=  ^r.i^  r.o< 


directed  against  the  rotation/revolution  of  aircraft. 


The  coefficient  of  the  damping  moment,  created  by  horizontal 
tail  assembly,  is  equal  to: 


m. 


< — c' 


S L* 

• — B VlTm 

»r.«  §1  1 • "r.0  *» 


(11.1) 
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where  the 


is  equal  dimensionless  angular  velocity. 


For  the  aircraft  of  the  diagram  of  "weft"  in  formula  (11.1)  of 

1 kr.  o“l- 


When  making  these  assumptions  the  dependence  of  /n, r.o  on 
dimensionless  angular  velocity  is  linear;  therefore 


m. 


— c‘ 

» r.' 


s z* 

,yr.-Lr.n 


Sk-X 


1 *r 


(11.2) 


the  wing  moment.  The  portion/fraction  of  wing  in  producing  the 
damping  moment  in  usual  airplane  design  with  the  rear  arrangement  of 
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tail  assembly  is  low,  which  is  explained  by  the 

ar  ran  gemen  t./per  mut  a ti  on  of  wing  about  the  center  of  mass.  However, 
this  portion/f ract i cn  considerably  grow/rises  with  the  layout  of 
aircraft  by  canard  configuration  or  "bobtailed  aircraft",  and  also 
during  the  appi ica t ion/use  of  swept  or  deltas. 

It  the  wmg  moves  at  forward  velocity  of  V and  simultaneously 
rotates  relative  to  the  center  of  mass  with  angular  velocity  Mt 
(see  Fig.  11.1c),  then  at  point  with  coordinate  x,,  arrange/located 
before  the  center  of  mass,  the  supplementary  velocity  of  motion, 
caused  by  rotation/revolution,  is  egual  to  w,*i,  and  at  point,  with 
coordinate  x?,  it  comprises  a>,x2.  This  distribution  of  normal 
velocities  leads  to  a decrease  in  the  local  angle  of  attack  at  point 
with  coordinate  Xj  by  Acqs^  — and  tc  an  increase  in  the  local 
angle  or  attack  at  point  with  coordinate  x2  by  Aa2ss  — ~-3,  which  will 
cause  the  appearance  of  negative  increase  ot  normal  force  in  field  xt 
and  positively  - in  field  x?.  Torque/moment  from  these  forces  is 
directed  against  rotation/revolution  and  depends  on  the  angular 
velocity  of  co,. 


In  accordance  with  the  hypothesis  of  bending,  the  examined 
picture  is  equivalent  to  bending  of  the  center  line  of  wing  section 
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according  to  the  law  of  — . By  accepting  this  hypothesis,  it  l 
possible  to  calculate  pressure  distribution  chordwise  and  to 
determine  the  damping  moment  theoretically. 


Page  210. 


After  manufacturing  this  bent  model,  by  means  of  usual  static 
blasting  it  is  possible  to  determine  the  damping  moment  of  wing  and 
aircraft  as  a whole.  Determined  in  this  way  the  damping  moment  will 
be  gu  as  i-st  at  ic. 


Another  way  of  experimental  determination  of  the  damping  moment 
- this  is  the  blasting  of  the  urdistorted  model  airplane#  which 
accomplishes  the  induced  or  free  osci 1 1 at  ion/ v i brat iont  relative  to 
axle/axis  Oz,.  In  this  case  is  determined  the  damping  moment  taking 
into  account  unsteady  flow  condition. 


The  coefficient  of  the  damping  moment  of  wing  will  be  is 
directly  proportional  to  angular  rate  of  rotation 
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where  the  detived  it  can  be  obtained  by  the  calculated  or 

experimental  way  >. 

FOOTNOTE  l.  I.  V.  Ostosla vski y , 1.  V.  Strazheva.  Flight  dynamics. 
Stability  and  the  controllability  of  flight  vehicles,  n., 
"machine-building",  1'J6b.  E NDE OOTNOTE. 

The  damping  moment  of  fustlage  is  significantly  less  damping 
moment  of  wing  and  by  the  fact  more  tail  assembly,  and  therefore  at 
subsonic  speeds  it  is  determined  in  portion/fractions  of  the  damping 
moment  of  the  wing: 

(11.3) 
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where  the  *„  = 0,15-4-0,25. 


With  M > 1,  torgue/moment  of  fuselage,  caused  by 
rotat  ion/ff.  volution,  in  certain  cases  can  even  change  sign  and  shape 
rotating-  For  these  Mach  nunbers,  the  coefficient  of  m*t  can  be 
determined  by  the  approximation  formula 


where  the  s « - area  of  BaxiaUm  cross  section  of  fuselage;  /* 

the  length  of  fuselage;  - the  respectively  relative 

length  of  the  forward  fuselage  and  the  coordinate  of  the  center  of 
Bass  of  aircraft,  counted  off  from  the  leading  edge/nose  of  fuselage 
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M06  - the  tor qu e/mom en t of  the  volume  of  fuselage  relative  to  the 

center  of  mass  of  aircraft. 

Page  211. 

4flfc~^11.2.  Torque/moment,  caused  oy  the  delay  cf  downwash  of  tail 
assembly. 

During  the  determination  of  the  damping  moment  of  the  horizontal 
tail  assembly,  arrange/located  behind  the  wing,  was  not  considered 

from  the  circumstance  tnat  during  a change  in  the  angle  of  attack  of 

(</a  , «.\ 

«=—  jF  0 a change  in  the  downwash  angle  affects  the  lift  of 

tail  assembly  not  immediately,  but  with  certain  delay  for  a period  of 
f*  equal  to  the  time  of  the  displacement/moveraent  of  aircraft  on 

the  length  of  Lr0. 

The  delay  time  of  approximately  will  be  equally  to: 
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consequently,  the  instantaneous  value  of  rake  anqle  in  the  tield 
of  horizontal  tail  assembly  differs  from  the  taicen  in  the  calculation 
torque/moment  of  tail  assembly  tor  value 


A—-  ^ = 

da  At  ' V'.., 


the  corresponding  increase  of  the  pitching  moment  of  horrzontal 


tail  assembly  is  eqial  to: 


if  we  introduce  the  concept  of  dimensionless  derivative  a by 
analogy  with  the  dimensionless  angular  velocity: 


(11.5) 
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that  cf  tor mu la  (11.4)  we  will  obtain 


Oil 

On 


-m*  t* 

iro 


(11.6) 


time  lag  of  a change  in  the  downwash  it  affects  also  the  moment 
of  wing  and  fuselage,  but  this  effect  it  will  he  significant  for  the 
wing,  esta  bl  ished/i  nstalled  after  hori7.cntal  tail  assembly,  i.  e.  , in 
the  diagram  of  "weft".  In  other  cases  it  can  be  disregarded. 


The  derivatives  of  «"» 


and 


depend  on  Nach  numoer  (Fig. 
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11.2).  A change  in  the  »*7*“/(M)  is  caused  by  the  dependence  of 
the  litt  effectiveness  of  aircraft  components  of  ft , while  a chanqe 
the  gqq<j<JJ#  furthermore,  by  the  dependence  of  m*  t on  N. 
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fi>J.  11.2.  Dependence  of  rotary  and  spiral  derivatives  of  !1ach 


number 
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ttfr./ll.  3.  Forces  and  the  torque/moinen  ts,  caused  hy  the 
rotation/revolution  of  aircratt  relative  to  the  longitudinal  axis. 


Torque/moments,  created  Ly  wing.  During  the  rotation/revolution 
of  aircraft  at  the  angular  velocity  of  ggggg  relative  to  longitudinal 
axis  ox,  in  cross  sections  of  the  being  omitted  wing, 

arran ged/locate a at  a distance  z from  axle/axis  ox,  (Fig-  11.3,  cross 
section  13— D J , the  local  angles  of  attack  increase,  and  in  the  cross 

sections  of  tne  heaving  wing  (cross  section  A- A)  they  decrease  by 

value 


this  change  in  the  angles  of  attack  it  leads  to  a change  both  of 


• here 

c\x  ~(r*  - <vO* 


«0  - zero-lift  angle. 


P . m2 
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ty. 


Fig.  11.3.  Diagram  of  a chatiye  in  the  local  angles  of  attack  of  wing 

and  angle  of  vertical  tail  assembly  during  rota tion/re volu t i on 

relative  to  axle/axis  Ox-^. 


DOC  = 76151336  PAGE  -*T* 

The  redistribution  of  normal  forces  on  spread/scope  is  the 
reason  for  the  appearance  of  the  moment  of  roll,  while  the 
redistribution  of  forces  of  periphery  - the  yawing  moment.  After 
accepting  <’  as  constant  on  the  wingspan  with  that  which  was 
assigned  cv  and  cy  utilizing  expression  (11.7),  we  will  obtain  the 
approximate  values  moment  derivative  coefficient  in  the  dimensionless 
angular  velocity  of  u,.r=E(s7  in  the  form 


mAp' 


m * * 

v «p 


--'K, 

: — 2lxcu{Ac'-\), 


(11.8) 


where 


-i 
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for  the  tapered  wing  of  /,  =—  !I±i. 

l2Xti+l 

The  comparison  of  derivatives  (11.8)  with  derivatives,  obtained 
by  the  calculation  taking  into  account  a change  in  the  r*ctij1  and 
also  with  the  results  of  experimental  studies  makes  it  possible  to 
introduce  into  formulas  (11.8)  conecticn  factor  k,,  equal  to 
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*,=0,9(0,5  + 0,0105  -j). 

the  com  pressi  b i 1 i t y effect  of  flow  to  the  derivatives  of  m"-jp 

and  is  caused  oy  a change  in  the  cJ=/(M)a*wf  A=f( M).  since  at 

the  supersonic  flight  speeds  of  A se  — , value  of  the  derivative 

_ cv 

of  m**  is  close  to  zero. 


Page  ^14. 


The  tor que/momen t,  created  by  fuselage  during  the 
rotation/revolution  of  aircraft  at  the  angular  velocity  of  w*.  is 
virtually  equal  to  zero. 
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TLe  torque/moment  s,  created  by  vertical  tail  assembly  during  the 
rotation/revolution  of  aircraft  relative  to  the  longitudinal  axis, 
are  caused  Dy  a change  in  the  angle  of  tail  assembly  (cross  section 
B- B in  Fig-  11.3). 


An  increase  in  the  angle  of  vertical  tail  assembly  in  cros 
section  is  equal 


“ ' t r 


the 

quest  ion. 


elementary  lateral  force,  which  acts  in  the  cross  section 
is  determined  from  formula 


in 


rf-Z.v 


.c>.  ,\.0 


<7*.., 


* ».n 
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this  force  relative  to  the  center  of  mass  of  aircraft  it  creates 
the  moments  of  roll  and  yawing  which  can  be  determined  from 
equalities 


Mj,,.;—  \ c\,.0b'.0qV kn.0 

o 


(11.9) 
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hence  with  constant  by  height  of  cj,.0  will  obtain  the 

following  valuet  moment  derivative  coefficient  in  the  dimensionless 
angular  velocity  of  the  w«: 
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m m*  =x2  Vk  c? 

X 9.0  ' *'ll . O 1 x B 

mM*  —2\rk  r3 

y9.0  * * *n.of  Z 9.0 


O ^ » ■ o * 


I ^B.O» 


(11.10) 


where 


j 5/a  '-0  ^ > 


/M  - t e height/altitude  of  vertical  tail  assembly;  6».® 
the  instantaneous  value  of  chord. 


are 
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Since  the  ^.<0.  that  m**,  anti  m»l«  negative,  i.a.,  during 
the  rotat ion/revolution  of  the  aircraft  of  relatively  longitudinal 
axis  vertical  tail  assembly  creates  the  damping  moment  with  respect 
to  this  axle/axis  and  the  yawing  moment,  which  attempts  to  turn  the 
nose  of  aircraft  to  the  side  of  its  rotation/revolution. 


For  an  aircraft  as  a whole,  the  transverse  which  damps  ( Af* ) 
and  the  spirally  turning  up  (Afv)  tor gue/mo ments  appr  ox  i ma  tel  v are 
determined  in  the  form  of  the  sums  of  the  torgue/moments,  created  by 
wing  and  the  vertical  tail  assembly: 

M x **=  M'“jr u>x 


(II  _ I II 

•«*  r 1 mi 


(11.11) 


DOC  = 761MJ36 


PAGE 


L9C 


it  is  necessary  to  keep  in  mind  that  the  spiral  torque/raomonts, 
created  as  wing  and  vertical  tail  assembly,  on  the  subctitical  Mach 
numbers  have  opposite  signs;  therefore  total  torque/momont  in  certain 
cases  turns  out  to  be  so  low  that  it  they  disregard.  At  supersonic 
rates  of  change  in  the  angle  of  attack  as  a result  of  the 
rotation/revolution  of  aircraft  does  not  lead  to  a change  in  the 
force  of  periphery,  and  the  spiral  yawing  moment  of  wing  is  virtually 
egual  to  zero,  i.e.,  in  this  case  the  spiral  torque/raoment  of 
aircraft  is  determined  by  the  spiral  tcrque/moment  of  vertical  tail 
assembly,  in  this  case  the  yawing  moment  fosters  the  development  of 
slip  for  the  driving  upward  wing,  which  lowers  damping  the  wing  which 
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and  without  this  decreases  with  an  increase  of  Mach  number.  Therefore 
the  spiral  yawing  moment  one  should  consider  during  the  calculation 
of  the  disturoed  motion  at  supersonic  speeds.  The  dependences  of 

m"*— /(M)  and  m“M  =/( M)  are  given  in  Fig.  11.2. 


The  rolling  moment  .of  the  wing  of  Mvxp  is  damping  until  the 
local  angles  of  attack  exceed  critical  value.  The  excess  of  critical 
angle  of  attack  will  lead  not  to  an  increase  in  the  normal  force  to 
the  being  omitted  wing,  but  to  its  decrease.  Therefore  AfXKp  can 
become  equal  to  zero  and  even  change  sign  to  opposite#  i.e.#  from 
that  which  damp  shape  rotating.  At  this  angle  of  attack,  is  observed 
the  autorotation  - autogyration  of  aircraft.  In  more  detail  this 
question  is  examined  by  chapter  XVI. 


ffll.4.  Forces  and  the  torgue/momen ts,  caused  by  the 
rotation/revolution  of  aircraft  relative  to  axle/axis  3y,. 


During  the  r otat ion/re vol ution  of  aircraft  at  the  angular 
velocity  of  the  of  the  wing  section  and  the  fuselage, 

eliminated  from  axle/axis  Oy,  respectively  up  to  distances  z and  x, 
they  acquire  the  peripheral  speed,  equal  «■ and  “V*  (Fig. 
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11.4).  A change  in  the  forces  ol  periphery  in  the  spread/scope  of 
wing  and  transverse  torcus  in  fuselaqe  and  vertical  tail  assembly 
will  be  the  reason  tor  the  appearance  of  the  yawing  moments  and  bank. 
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Page  216. 


Fig.  11.4.  Distribution  of  peripheral  speed  during  the 
rotat ion/re  volution  of  aircraft  relative  to  normal  axis. 


DOC  = 7b1S1J3b 


PAG! 


Tot  que/iuoments,  created  by  wing.  The  rotation/revolution  of  wing 
at  the  angular  velocity  of  u>„>0  leads  to  a change  in  both  velocity 
and  the  local  angle  of  attack  of  cross  section.  With  low  a velocity 
increment^  and  angle  of  attack  in  cross  sections  A-A  tne  wing  of 
aircraft  are  equal  to; 


kV  =u>¥z  cos  a ss  myz. 


\a—  — sin  a = 
V 


<■>!/* 

V 


a, 


(11.12). 


a in  cross  section  B-B,  symmetrical  to  cross  section  A-A,  AV  , Aa  they 
will  have  opposite  signs. 

An  increase  in  the  tangential  and  normal  forces,  which  act  on 
the  element  of  area  of  wing  dS  = bdz,  we  find  from  conditions 
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.X^.V+^a, 


since 


cxi  “*/(M,  a),  r„,=<p(M,  a) 


and  with  low  « 


rx!~cJr  — <V*. 

C»1  ~ ct> 


after  simple  conversions  obtain 
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dX * = + 2c*>  - 2c„  ( _ 1 ) a]  qb  SEE-  rfz. 


(11.13) 


Page  217. 


These  forces  create  moment  with  respect  to  axle/axes  Ox,  and 
Oy,,  equal  respectively: 


dM„v^-dX,z,  | 

dMM„=-d)\z.) 


(11.14) 
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fiom  expressions  ( 1 1 . 1 J)  and  (11.14)  by  integration  tot  the 
spread/scope  ot  wing  and  subsequent  differentiation  with  respect  to 
. the  d iire nsionless  angular  velocity  of  io,,=^  it  is  possible  to 

determine  derivatives  of  the  yawing-moment  coefficients  of  MyK p 

I 

and  bank  of  tne  MXKV\ 

m^P=-[fxiM  + 2rxl-2 ry(A^~  l)aj  V.. 

Vi, 


(H.15J 
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where  I,  is  a dimensionless  area  moment  of  inertia  of  wing  relative 
to  axle/axis  Ox,  [see  (11.H)  ];  k2  are  the  correction  factors, 

which  consider  the  distribution  of  rl<  r,i.  ri\ . cl'  according  to 
spread/scope. 

Torgue/momen  t,  created  oy  fuselage.  The  spiral  moment,  of  roll  of 
fuselage,  characterized  by  the  derivative  of  m'x%<  is  virtually 
equal  to  zero,  and  the  damping  yawing  moment,  characterized  by  th° 
derivative  of  m is  determined  analogous  with  the  longitudinal 
damping  moment,  i-e.,  for  subsonic  flight  speeds 


where 

fclt,  = 0,15-j-0t25. 
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foL'  the  supersonic  flight  speeds  of  m'"»  is  determined  from 
the  aerodynamic  theory  of  bodies  of  revolution. 


Torque/moiaen ts,  created  by  vertical  tail  assembly.  The  etfective 
angle  of  vertical  tail  assembly,  caused  by  the  rotation/revolution  of 
aircraft  at  the  angular  velocity  of  the  <•>».  approximately  it  is 
possible  to  consider  ejual  to 


in  this  case  to  vertical  tail  assembly  will  act  the  lateral 


force 
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which  it  creates  moments  with  respect  to  axle/axes  Ox,  and  Oy, , equal 
respect ively : 


H.o  £n  oy*.Ot 

B.o 


(11.16) 


whence  derivatives  of  the  coefficients  of  these  torque/moments  in  the 
dimensionless  anqular  velocity  of  w„  they  will  take  the  form 
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m7..o  = 2<"z  » o *S  n.o  V *».„  L«.°  y,. «.  1 


(11.17) 


y..o 


. y wo. 

i 


where  the 
assem  fcly ; 
are  a dimensionless  coefficient. 


are  a dimensionless  coordinate  of  vertical  tail 


— - dimensionless  vertical-tail  length; 


Page  21«. 


The  torque /moments  of  aircraft  as  a whole,  caused  by 
rotation/revolution  relative  to  axle/axis  Oyi , are  determined  from 
the  formulas  ot  the  similarity: 
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My-m^H  qSl u>j „ 
M „ = m'^qSl  u>y. 


(11.18) 


the  lirst  o£  the  t orque/momen ts  is  the  t orque/inoment  of 
directional  dampiny  of  aircraft,  and  the  second  - by  the  spiral 
moment  of  roll  of  its. 

The  derivatives  of  and  m*>  for  an  aircraft  as  a 

V x 

whole  can  be  represented  in  the  torn  of  sums 


i 
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the  torque/momen  t ot  directional  damping,  characterized  to  the 
derivative  of  m *'  it  increases  on  the  subcritical  Mach  numbers 

V t 

and  substantially  descends  with  an  increase  of  Mach  number  at 
supersonic  flight  speeds  (see  Fig.  11.2). 

The  spiral  moment,  of  roll  acts  in  the  direction  of  the  driving 
back/ago  wing.  The  dependence  of  M)  is  determined  by  a 

change  in  the  lift  effectiveness  of  wing  and  vertical  tail  assembly 


in  Mach  number 
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Duriny  the  determination  of  m“'*  and  was  not 

considered  the  effect  of  the  delay  of  the  lateral  downwash  to  the 
torque/ moment s,  created  by  vertical  tail  assembly.  However,  this 
factor  even  in  diagrams  "hiqh  wing  monoplane"  and  "low  wing 
monoplane"  does  not  exert  a substantial  influence  on  the  value  of 
moments  with  respect  to  axle/axes  Ox,  and  Oy, ; therefore  neglect  it 
does  not  lead  to  appreciable  error. 


Pag  219. 


PROBLEMS  FOR  REPETITION. 


1.  Which  torque/moment  from  horizontal  tail  assembly  does  appear 
during  the  rotation/revolution  of  airctaft  around  axle/axis  Oz,  in 
angles  of  attack  below  stalling? 


2.  How 
of  aircraft 


does  affect  fuselage  the  damping  moment  with  the  return 
relative  to  axle/axis  Oz,? 
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3.  How  does  affect  the  angle  of  attack  of  horizontal  tail 
assembly  the  delay  cf  dcwnwash? 


4.  By  analyzing  the-  dependence  of  n“r.»  on  Mach  number. 


5.  How  does  affect  Mach  number  "/Vo7 


6.  How  will  oe  redistributed  the  angles  of  attack  and  speed  of 
the  flow  about  the  halt  wings  during  the  rctation/re voluti on  of 
aircraft  relative  to  axle/axis  Oyj  and  which  in  this  case  do  appear 
torgue/mome nts  - damping  or  rotating? 


FROBLEM. 


To  determine  the  damping  moment  of  the  vertical  tail  assembly  of 
aircraft  an-24  in  flight  at  height/altitude  H = 2000  ra  at  speed  of  V 
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= 400  k»/h  during  cotation/re  volati  on  at.  the  angular  velocity  of  the 
wv«=0,l75  1/sec.  The  t in-a  n d-  rudder  area  of  5.,.— 13, '4  m*,  the 

coordinate  of  the  center  of  pressure  of  vertical  tail  assembly  or.  Ox, 
is  equal  to  11.32  ni,  the  drag  coefficient  of  the  flow  of 

^1.0  ® h 

Answer/response:  M*\  =e  37  ooo  nm. 

!. 
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Chapter  XII. 


Lon  j i t u j i na  1 


stat ic 


n 


stability 


ha  mU  i ng. 


Fig.  12.1.  Longitudinal  static  stability  of  aircraft 
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The  concept  about  the  static  stability  of  aircraft  as  about 
inherent  in  it  property  to  attempt  without  pilot's  interference  to 
retain  the  assigned  flight  conditions  or  to  exhibit  the  tendency  of 
return  toward  it,  it  for  any  reason  appeared  deviations  from 
mode/ cond it  ions,  is  bygone  determined  in  chapter  VIII.  Now,  when  are 
determined  all  tne  basic  forces  and  the  torque/moments,  which  act  on 
aircraft,  it  is  possible  to  qivC  the  quantitative  evaluation  of  the 
static  stability  level  of  aircraft.  This  all  the  more  important  since 
knowledge  of  static  stability  level  makes  it  possible  also  to 
evaluate  the  handlings  of  aircraft. 


The  flight  conditions  is  characterized  by  the  kinematic 
parameters  a,  P,  y , 9,  V,  H,  etc.  Usually  longitudinal  static 
stability  examines  relatively  most  important  of  the  parameters  of 
motion.  Thus#  tor  instance,  for  axial  motion  vital  importance  has 
static  angle  of  attack  stability  (or  c„)  and  of  flight  speed,  for 

yawing  motion  is  important  stability  on  roll  attitude  (lateral 
stability)  and  on  angle  (path  or  weathercock  stability*.  3n  some  of 
the  parameters,  the  motions  aircraft  static  stability  do  not  possess 
(for  example  by  height,  to  heading/course  angle);  however,  *his 
instability  of  significant  effect  on  flight  characteristics  aircLaft. 


it  does  not  exert 
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Qualitative  ^valuation  ot  the  static  stability  of  aircraft 
according  to  angle  of  attack  can  be  made,  by  analyzing  tha  relative 
location  of  the  canter  of  mass  and  longitudinal  focus  of  aircraft.  If 
with  by  direct-line  flight  aircraft  hit  the  ascending  gust  of  air, 
having  speed  W (Fig.  12.1),  then  angle  of  attack  will  obtain  positive 
increase  Aa  that  will  cause  in  turn,  the  positive  lift  increment  AY 
which  is  applied  at  the  longitudinal  focus  of  aircraft.  The  further 
behavror  of  aircraft  will  depend  on  the  relative  location  of  focus 
and  center  of  mass. 


i 
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Fig.  12.1.  Character  of  the  effect  of  the  relative  location  of  the 
longitudinal  focus  and  center  of  mass  of  aircraft  on  the  stability  of 
the  equilibrium  of  the  pitching  moment:  a)  with  the  rear  arrangement 
of  focus;  b)  with  the  front/leading  arrangement  of  focus. 
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If  focus  is  arranged  alttr  the  center  of  mass,  xF>Xt  (Fig- 
12,  la),  then  unbalanced  force  AY  creates  the  negative  pitching  moment 
of  the  AAf,<0,  under  action  of  which  the  aircraft  will  rotate  un^i 
angle  of  attack  decreases  to  the  initial  equilibrium  value.  During  a 
random  decrease  in  the  angle  of  attack  (Aa  < 0)  of  the  direction  of 
the  action  of  lift  increment  AY  and  in  the  pitching  moment,  AMt 
will  be  opposite  those  which  were  indicated  in  Fig.  12.1a,  angle  of 
attack  will  increase,  strive  for  the  initial  mode/conditions. 


With  the  r r ont/iea di ng  arrangement  of  focus  relative  to  the 
center  of  mass  of  xF<xr  (Fig-  12.1b)  a random  increase  in  the 
angle  of  attack  produces  the  appearance  of  the  pitching  to rque/moment 
of  the  AAIj>0,  under  action  of  which  the  angle  of  attack  will  even 
more  increase,  being  driven  out  in  value  from  equilibrium  value.  That 
means  it  is  possible  to  draw  the  conclusion  that  the  longitudinal 
static  angle  of  attack  stability  is  provided  by  the  f r ont /lead inq 
arrangement  of  the  center  of  mass  relative  to  the  longitudinal  focus 
of  aircraft. 


Quantitatively  static  stability  can  be  evaluated,  by  analyzing 
the  dependence  of  the  coefficient  of  pitching  moment  on  the  lift 
coefficient  with  the  constant  Mach  number.  If,  let  us  suppose  this 
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dependence  is  expressed  by  curve  in  Pig.  12.2  that  pitching  moments 
it  will  be  balanced  (m,  = 0)  at  three  values  of  the  c„,  which 

correspond  to  points  A,  B and  C.  During  the  flight  conditions,  which 
corresponds  to  point  A,  a random  increase  in  the  angle  of  attack 
increases  c„  and  produces  the  appearance  of  a negative  pitching 
moment  (point  A').  In  this  case,  the  incremental  value  of  the 
coefficient  of  pitching  moment  approximately  is  defined  as 


Am,=~  b.cy—mr/\cy. 

OCy 


in  this  case  the  particular  derived  met»  is  negative,  i.e.  , 
the  torque/moment  of  AM,  is  reducing,  whereupon  the  value  of  its 
coefficient  is  proportional  to  the  value  of  the  derivative  of 


m'»  . 


"j 

(?) 


[0 

Fig.  12.2.  Dependence  of  the  coefficient  of  pitching  moment  on  the 
coefficient  of  the  longitudinal  force  with  tne  constant  1ich  number 

Key:  (1).  Dive.  (2).  Pitching. 
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During  a random  decrease  in  the  angle  of  attack  (point  A* ' ) Kill 
appear  pitching,  i . e.  , that  which  reduce,  tor  jue/moment.  rhe  greater 
the  module/modulus  ot  Mie  derivative  of  \mty\<  that  the  more 
righting  moments.  At  point  C,  where  also  m‘g»<0,  equilibrium  as  at 
point  A,  will  be  statically  stable,  that  it  is  possibls  to  show  by 
similar  considerations.  Equilibrium  at  point  B will  be  unstaole, 
since  at  this  point  of  • m^> 0.  Actually,  in  a random  increase  in 

the  angle  of  attack  of  (Acv> 0)  to  new  flight  conditions  it 
corresponds  point  B'  and  to  aircraft  it  will  act  the  pitching 
tor q ue/momen t of  the  AffJ,>0,  which  attempts  to  increase  angle  of 
attac  k. 


Thus,  the  ejuilibrium  of  pitching  moment  is  statically  stable 
with  m'*  <0  and  unstable  with  0;  with  = 0 the 

equilibrium  will  be  indifferent  (neutral)  ; the  derived  m '*  is 

criterion,  or  degree,  the  longitudinal  static  stability. 


From  obtained  previously  dependence  (9.54) 


m,"  *Ft 


(12.  1) 


follows  that  with  me/<C. 0 must  be  made  the  inequality  of 
fro  >*»•  That  means  longitudinal  stability  factor  on  c,  in 
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value  is  equal  to  tae  distance  between  centers  of  masses  and  the 
longitudinal  focus  of  aircraft,  divided  into  the  length  of  the  mean 
aerodynamic  chord  of  aircraft. 


The  position  of  the  longitudinal  focus  of  aircraft  is  determined 
by  dependence  (9.53): 


*r  -■ *r  «»+  - £>)  cl  r , +2  ajc„. 


(12.2) 


Page  22i. 


Since  with  M>M„p  the  center  of  pressure  is  displaced 
back/ago,  with  a further  increase  in  nach  number  is  displaced 
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back/ago  t tie  focus  of  aircraft,  which  in  the  fixed  position  of  the 
center  of  mass  produces  an  increase  in  the  static  stability  level  in 

Cy 


In  aviation  practice  the  longitudinal  stability  factor  of 
m'*  is  standardized.  For  maneuverable  aircraft,  for  example 
fighters,  the  stability  level  must  be  less  than  of  nonmane uver able  - 
the  transport  and  especially  passenger  aircraft  for  which  the 
stability  level  must  be  not  the  less  determined  value  for  eacn 
aircraft  type  in  order  to  have  the  determined  "margin"  of  stability. 
Therefore  in  accordance  with  equality  (12.1)  a differenca  in  the 
irt — x-t  is  called  usually  the  reserve  of  centering. 


The  reserve  of  centering  increases  either  by  the  displacement,  of 
the  center  of  mass  forward  (by  corresponding  a r ra nqomen t/per mu t a t i on 
of  the  loads  and  passengers) • oi  by  the  displacement  of  focus 
back/ago.  of  the  aircraft  of  usual  diagram,  the  displacement  of  focus 
back/ago,  in  particular,  can  be  reached  by  an  increase  in  the 
coefficient  of  the  area  moment  ratio  of  tail  assembly.  Since 
criterion  tor  stability 


DOC  = 7b1fa1J36 


PACK 


m'»- 


dm, 

dc¥ 


h n„ 


i>V* 

CyS  — O COS  # 

= o 


at  the  fixed  speed 


mr  11  — m^S 


i£i 

20 


Therefore  stability  criterion  on  • cv  otherwise  is  called  the 
criterion  for  static  stability  on  >j-force.  Stable  on  -j-force  aircraft 
atteapts  to  hold  the  rated  value  of  y-force  automatically. 
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During  the  analysis  of  longitudinal  stability  of  g-force,  was 
assumed  to  be  the  invariability  of  tlight  speed  during  the  action  of 
disturbance/perturbations  on  aircraft  or  indepenuence  of  the  force 
coefficients  and  t org ue/momen ts  from  speed  and  Mach  numher  of  flight. 
Experiment  shows,  however  that  to  the  different  Mach  numbers 
correspond  the  different  dependences  of  mt  — f(cv)  (Fig.  12.3). 

We  examine  tne  effect  of  speed  and,  therefore,  Mach  number  on  an 
example  of  level  fiignt.  In  this  case  the  weight  of  aircraft  is  equal 
to  lift  and  normal  load  factor 


* 20 


from  the  last/latter  expression  we  have; 

c _ 20  _1_ 

" Se«>  M*  * 


(12.2a) 
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Hence  for  each  value  in  we  tir.d  the  completely  determined  value 


through  the  obtained  value  of  cy  and  the  assigned  Mach  number 
in  Fig.  12.3  we  will  obtain  the  determined  value  of  mt.  If  we 
apply  the  points,  which  correspond  to  the  vapors  M cv,  and  to 
connect  them,  then  is  obtained  curvedly  (heavy  line  in  figure)  # that 
corresponds  to  the  normal  load  factor,  egual  to  unity. 

If  flight  conditions  is  changed  so  that  the  point,  which 
corresponds  to  new  mode/cond it  ions,  will  lie/rest  on  curve  for 

n„—  1,  then  will  be  changed  not  only  cv,  . but  also  Mach  number 
of  flight;  therefore  along  this  the  curved  coefficient  of  the 
pitching  moment  of  m , is  the  function  of  c„  and  M.  Under  these 

conditions  as  stability  criterion,  it  is  mote  correct  to  take  the 
partial,  but  complete  derivative; 
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dm,  __dm,  | dm,  rfM  mct  A.  MrfM 

dcy  dcv  ' <JM  liCy  * ' * (tCy  ' 


(12.3) 


di  f terontiati  ny  expression  (12.2a)  with  respect  to  cv, 

find 


d M M 

dCy  2ey 


after  substitutinq  the  value  of 


d\\ 
it  — 

dCy 


into  equation 


we 


(12.3) 


we  will  obtain 
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dm. 

dCy 


my- 


M 


■m : 


(12.4) 


since  relationship  (12.4)  it  considers  a change  or  Wach  number 
in  level  flight,  it  is  called  also  the  criterion  for  the  longitudinal 
static  speed  stability  of  fliyht  and  characterizes  the  longitudinal 
static  stability  of  aircraft  in  level  flight  with  variable  speed. 
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F i sl - 12.4.  Effect  of  P 

and  on  speed. 

Key:  (1).  Instability 

speed).  (S)  . is  qlad. 
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At  low  flight  speeds  wnen  M<MKP,  the  moment  characteristics  of 
aircraft  do  not  depend  on  Mach  number  of  (m”=0),  therefore  from  the 
comparison  of  expressions  (12.1)  and  (12.3),  it  follows  that  for 
these  values  of  Mach  numbers  the  criteria  for  the  longitudinal  static 
stability  on  g- force  and  on  speed  are  equal. 

For  the  majority  of  contemporary  aircraft,  a further  increase  in 
Mach  number  leads  to  the  appearance  of  the  diving  pitching  moment  as 
a result  of  the  ais pla cement  of  the  focus  of  aircraft  back/ago,  i.e., 
with  the  coefficient  of  m*<0.  In  this  case  of  terms  in 

the  right  side  of  equality  (1/.4)  different  signs  and,  therefore, 
with  the  large  Mach  numbers 


i.e.  static  stability  level  on  g-force  are  more  static  stability 
level  on  speed.  In  the  transonic  range  of  Mach  numbers,  the  aircraft 
can  "lose"  speed  stability,  and,  the  more  the  sweepback  of  the  wing 
of  aircraft,  the  smoother  change  the  stability  criteria  on  g-force 
and  on  speed  with  an  increase  in  Mach  number  (Fig.  12.4).  The  zone  of 
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lach  numbers,  within  which  the  — ^>0,  is  called  the  Zone  of 

OCy 

time/temporary  loss  ot  stability  on  speed. 


•Tiy^  12.2.  The  longitudinal  balance  of  forces  and  t orgua/m  omen  ts  in 
rectilinear  adjusted  motion. 


In  the  direct-line  steady  motion 
and  pitching  moments  must  be  balanced 


normal  and  forces  of  periphery 
( ba  lanced)  . 


Page  2.2b. 


In  flight  without  bank  and  slip  (axle/axes  Oz  and  0zl  coincide)  of 
the  force  condition  of  equilibrium  and  tor gue/moments  it  is  possible 
to  write  in  the  form 


/J—  -V  — G sin  4=0,  K— 6' cos  6=0,  Mt=0. 
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in  axial  motion  the  pilot  con trol/gu ides  the  thrust  of  engine, 
the  drag  of  aircraft  (aerodynamic  Drake)  and  the  horizontal  tail 
lift,  caused  oy  the  deflection  of  elevator.  The  force  conditions  of 
equilibrium,  which  act  in  fore-and-aft  plane,  are  investigated  in 
sufficient  detail  in  chapter  III  and  IV;  therefore  in  the  present 
chapter  are  analyzed  the  trimmed  conditions  of  pitching  moment  under 
the  already  balanced  forces-  if  pitching  moment  is  balanced,  th«n  the 
coefficient  ot  pitching  moment,  determined  by  relationship  (9.51), 
will  be  equal  to  zero,  i.e.. 


m,  = ««  + m'/r,  -j-  m;<?  -f  m' » 8.  f m,,=0.  (12.5) 


Pitching  moment  can  be  balanced  by  the  deflection  of  control  of 
the  angle  of  fi,,  determined  from  condition  (12.5): 


*jo+  mrtye¥+mf,  f + m,. 


(12.6) 


or  taking  into  account  formulas  (9.51)  and  (9.52)  we  will  obtain 
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m/0+  (-*■» — xF)c¥  4- 


^ y r . o • o^r . i,^h 


(12.7) 


relationship  (9.51),  from  which  is  obtained  the  trimaed 
conditions  (12.5),  it  lakes  it  possible  to  confirm  tha*  on  the 
strength  of  the  linear  dependence  of  the  m,*=f(6ii)  of  tha 
curve/graph  of  the  function  of  mt—f(cv)  for  the  different  surface 

positions  with  of  low  cv  and  the  6,  will  be  equidistant  curves 

(Fig.  12.5);  equidistant  will  be  ana  a curve/graph  m,-f(a). 


The  balancing  elevator  angle  (with  M = const)  linearly  depends 
on  lift  coefficient,  and,  if  aircraft  is  statically  stable 

. or#  tnat  the  same,  xT<xr),  then  with  an  increase  in 

the  Cy  the  value  of  A,  ''ill  decrease  (Fig-  12-ba),  since 
mj«<0  (9.52).  For  an  unstable  aircraft,  on  the  contrary,  in 

proportion  to  the  increase  in  the  cy  will  increase  tha  ft.-  On 


I 
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the  basis  ot  the  taken  rule  ol  the  signs  of  (6,>0  during  droop) 
tne  elevator  ot  stable  aircraft  with  the  tail  arrangement  of  tail 
assembly  is  deflected  upward  in  proportion  to  the  increase  in  the 
c¥  (angle  of  attack). 

At  low  tlight  speeds  at  high  angles  of  attack  as  a result  of 
boundary-layer  separation,  the  linearity  of  and  other 

aerodynamic  cha raster istics,  xs  disturbed. 


1 b 1 u 


.6.  Elf 

d£  airc 
l3  ~ 
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The  cui  vte/graphs,  given  in  Fig.  1^.6a  are  called  balancing  curves  on 

g-tor cp. 


By  substituting  the  known  value  of  ru~~~ 

i>.si  - 

(12.6)  , it  is  possible  to  obtain  the  direct  coupling 
flight  speed  of  V and  the  elevator  angle  of  the  6B. 
will  be  linear  (Fig-  12.6b).  The  plotted  function  of 
called  balancing  curve  on  speed. 


in  ex  pression 
between  the 
which  no  longer 
6.~/(V0  is 


For  the  preset vation/retention/mamtaining  of  the  value  of  lift 
in  proportion  to  the  increase  in  the  velocity  at  level  flight  it  is 
necessary  to  decrease  the  angle  of  attack,  for  which  elevator  one 
should  gradually  omit  in  order  to  create  negative  pitching  moment.  At 
the  same  time  for  the  balance  of  tor gue/momen t at  the  reduced  angle 
of  attack  control  also  must  be  deflected  down  (Fig.  12.6),  it 
aircraft  is  stable,  and,  on  the  contrary,  upward,  if  aircraft  is 
unstable.  Thus,  simultaneous  balance  at  forces  and  tor q ue/mome n ts 
requires  satisfaction  of  the  following  condition: 
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Since  Wj" <L^>  condition  of  the  absence  of  the  double 
displacement/movement  of  control  to  one  side  tor  the  balance  of 
forces  and  into  opposite  for  the  balance  of  tor  que/inoments , it  is 
possible  to  express  by  inequality 


<•<  o. 


i.e.  aircraft  it  must  possess  the  ionqitudinal  static  stability  or. 

g-f orce. 


From  the  stricter  analysis  which  here  is  not  given,  it  follows 

that  taking  into  account  compressibility  for  the  absence  of  the 
% 

double  displacement/movement  of  control  is  necessary  satisfaction  of 
the  following  condition: 
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unf ortunatel  y,  this  condition,  as  follows  from  Fig.  12.1,  it  is 
disturbed  in  transonic  speed  ranye  (Mach  numbers).  In  this  range 
changes  the  law  governing  the  deflection  of  elevator  depending  on 
cy  or  V (Fig.  12.7).  With  an  increase  in  the  velocity  of  flight 
for  the  balance  of  torque/ moment,  the  elevator  is  necessary  to 
deflect  not  down,  but  upward  (reverse  deflection  of  control). 


In  this  case  due  to  the  center-of- pressu re  travel,  back/ago 
appears  tne  negative  pitching  moment,  for  balancing  of  which  is 
required  the  positive  displacement.  The  negative  pitching  moment, 
caused  by  the  change  of  the  center  of  pressure  back/ago,  predominates 
above  the  pitching  torque/moment,  caused  by  a decrease  in  the 
increase  in  the  lift  coefficient-  Tnis  phenomenon  especially  strongly 
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is  exhibited  at  straight- wings  airplane  at  whose  center  of  pressure 
and  focus  sharply  are  moved  back/ago  witn  the  onset  of  shock  stall. 
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7.  Balancing  curve?:  or  the  supersonic  aircraft:  a)  on 
b)  on  velocity. 

. Down.  (2).  laximuro  lower  deviation.  (3).  tjpwari.  (4 
upper  deviation.  (5).  Zone  of  reverse  deviations. 
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A dectPasu  in  the  downwash  angle  in  proportion  to  the  increase  in 
Mach  number  of  flight  also  contributes  to  the  emergence  of  negative 
pitching  moment  due  to  an  increase  in  the  true  angle  of  attack  of 
horizontal  tail  assembly.  The  negative  pitching  moment,  which  appears 
with  M>MKp,  is  so  great  of  straight-wings  airplane,  that  in  many 
instances  limits  a further  increase  in  Mach  number  of  flight,  since 
for  the  baiance  ol  aircraft  are  required  the  large  deflections  of 
elevator  (dotted  line  in  Fig.  12.7).  of  aircraft  with  swept  and  delta 
wing,  the  phenomenon  "tightening  into  dive"  is  considerably  weaker. 

Of  the.se  aircraft  at  transonic  speed,  the  "tightening  into  dive"  is 
not  accompanied  by  the  large  deflections  ot  elevator  and  by  stick 
forces.  It  is  continued  to  Mach  number,  close  to  unity,  whereupon 
again  appears  the  pitching  torque/moment,  for  the  balancing  of  which 
elevator  must  be  deflected  down.  This  section  in  balancing  curves  is 
conventionally  designated  as  in  practice  "spoon". 


Relationship  (12.7)  makes  it  possible  to  examine  the  effect  of 
the  position  of  the  center  of  mass  of  aircraft  (effect  of  centering) 
to  the  deflection  of  elevator.  If  in  flight  the  center  of  mass  was 
misaligned  forward,  after  disturbing  balance,  then  on  .aircraft  acts 
the  negative  pitching  mcment,  lor  countering  of  which  elevator  must 
be  deflected  upward.  That  means  a decrease  in  the  value  of  xT 
requires  a decrease  in  the  angle  of  deflection  of  6».  From 
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equalities  (1 2- *>)  and  (12.7)  it  is  possible  to  determine 


A».= 


^ V r.o  ^r.o^r. 


\X:  i 


AJC. 


Page  2a0. 


Thus,  the  more  tlie  ck,  the  more  will  be  required  the  positive 
displacement.  The  most  dangerous  is  the  displacement  of  the  center  of 
mass  forward  under  the  conditions  of  the  landing  when  are  realized 
the  quite  large  in  flying  practice  values  of  c„.  Sometimes  this 
displacement  is  so  great  that  even  the  maximum  deflection  of  elevator 
does  not  make  it  possible  to  balance  the  appearing  pitching  moment, 
but  indeed  it  is  always  necessary  to  have  certain  reserve  in  the 
deflection  of  control  (12- 20o/o  of  the  maximum)  for  the  countering  of 
disturbance/perturbations  or  maneuver  accomplishment. 
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The  maximum  £ l on t/lead ing  position  ot  the  center  of  mass 
(forward  limit)  is  determined  Ly  the  solution  to  equation  ( 1 2.  t>) 
relative  to  xT  in  the  absence  o£  the  thrust/rod  of  (mip  = 0)  and 
taking  into  account  the  fact  that  the  mc/ =x T xr- 


x, 


np.nep 


■ xF, 


f^20  nr> C + S||«C 


£(/  iioc 


(12.8) 


all  values,  which  enter  in  (12.8),  are  determine!  for  the 
conditions  of  landing,  i.  e.  , tor  the  landing  configuration  of 
aircraft  and  taking  into  account  the  proximity  of  the  Earth,  it 
steady-state  stability  factor  on  the  g-torce  ot  m/  is  regulated, 
then  maximally  stern  heaviness  it  is  possible  to  find  Iron  condition 
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thus,  at  the  standard  conditions  of  flight  static  stability  and 
controllability  will  be  provided  tor,  if  are  satisfied  conditions 


*T. 


np.llfp 


< ^tO,. 


up.  hah 


<XF. 


the  distance  between  maxitun  front/leading  and  stern  heaviness 


it  is  called  the  operating  range  of  centering. 
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With  the  realization  ot  the  lonqitudinal  balance  of  aircraft  by 
rotary  stabilizer  (but  not  by  elevator)  trom  equation  (12.5).  by 
set/assuming  •<-  it  is  possible  to  obtain  expression  for 

determining  tha  balancing  angle  ot  deflection  of  the  stabilizer: 


®«0  + + mip 


(12. 10) 


for  the  deflected  stabilizers  as  and  elevators,  are  constructed 
balancing  curves  on  g- force  and  on  speed.  At  present  on  large 
subsonic  aircraft  is  applied  the  combination  of  the  elevator  and 
deflected  stabilizer- 


12.3.  The  hinge  moment  of  height/altitude 
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The  resultant  of  the  aerodynamic  forces,  which  act  on  elevator, 
A*  are  applied  at  a distance  of  from  binge  line  (Fig. 

12.8a). 
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Fig.  12.8.  Basic  forms  of  aerodynamic  balance:  a)  axial;  b) 
balance  tab;  d)  internal. 

Key;  (1)  Compensator.  (2).  Control.  (3)  Rotational  axis. 


horn;  c) 


DOC  = 761 613J6 


PACE 


73,9 


Its  torque/mome nt  relative  to  hinge  line  is  called  the  hinge  moment: 


w* 


(12.11) 


this  determination  of  hinge  moment  visually,  but  inconveniently 
for  practical  calculations,  since  the  value  of  the  arm  of  the  d, 
of  the  aerodynamic  force  of  Rt  depends  on  the  elevator  angle  of 
6»,  angle  of  attack  of  the  horizontal  tail  assembly  of  aP.0  and 
Mach  number  of  flight.  The  usually  hinge  moment  is  defined  by  the 
method  of  aerodynamic  similarity  as  product  of  the  hinge-moment 
coefficient  of  mm  to  velocity  head  q,  area  of  S,  and  the  chord 
of  the  bB  of  elevator: 


A1m  — '”,„<7r.„SA  = mmkr  nqSmba. 


(12.  12) 


the  hinge  moment  of  M,,,  is  positive,  if  it  attempts  to  deflect 


elevator  down 
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For  a decrease  in  the  hinge  moment,  is  applied  aerodynamic 
balance  whose  target/purpose  entails  a decrease  in  the  arm  of  the 

of  the  aerodynamic  force  of  elevator.  The  most  widely  accepted 
Coras  the  compensations  are:  axial,  horn,  internal,  servo 
compensation  (Fig.  Id. 3)  and  trim  tabs.  During  overhang  balance  (Fig. 
12.8a)  the  rotational  axis  of  control  is  displaced  to  the  side  of 
center  of  pressure;  during  horn  balance  the  remote  forward  part  of 
the  control  displaces  forward  center  of  pressure  (Fig.  12. 8b).  Servo 
compensation  (Fig.  12. 8c)  it  entails  the  automatic  deflection  of  the 
servo-surface  to  the  side,  opposite  to  the  deflection  of  control.  In 
this  case  even  small,  but  eliminated  from  the  rotational  axis  of 
control  aerodynamic  force  in  the  ser vo-su l face  makes  it  possible  to 
decrease  the  hinge  moment.  During  internal  compensation  the 
center-of-pressure  travel  forward  is  achieved  by  the  use  of  a 
pressure  difference  in  the  cavity,  divided  by  flexible 
partition/ba  f tie  (Fig.  12. 8d). 


Page  232. 


Trim  tab  differs  from  servo  tab  in  terms  of  the  fact  that  it  is 
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contr ol/gu ided  by  pilot,  and  his  deflection  of  (t»)  does  not 
depend  on  surface  position.  Unlike  the  forms  of  compensation  pointed 
out  above  the  trim  tab  remove/takes  forces  only  with  one  fixed  fligt 
conditions.  Is  most  widely  common  overhang  balance  as  sufficiently 
simple  and  effective. 


Aerodynamic  balance  makes  it  possible  to  decrease  the  hir.ge 
moment,  but  to  zero  decreased  it  should  not  be#  since  pilot  in  this 
case  will  not  "feel''  control  and  can  allow  errors  during  a change  in 
the  flight  conditions.  In  endurance  flight  in  one  mode/conditions  th 
hinge  moment  can  be  decreased  down  to  zero  with  the  aid  of  trim  tab. 


From  materials  of  tests,  it  follows  that  the  elevator 
hinge-moment  coefficient  is  the  linear  function  of  the  deviation  of 
control  of  altitude,  of  the  angle  of  attack  of  horizontal  tail 
assembly  and  angle  of  deflection  of  trim  tab.  Consequently,  in  the 
operational  range  of  angular  deflection  of  elevator  hinge-moment 
coefficient  can  be  determined  by  formula 
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“here  the  T>  - the  angle  of  deflection  of  the  elevator  trim  tab; 

mL">  mLr '*  ate  derivatives  of  hinge-moment  coefficient  in  the 
c^evator  angles  and  trim  tab,  the  angle  of  attack  of  norizontal  tail 
assembly,  i.e.. 


. - 1 _ dmw 

♦ • 


the  derivatives  of  and  depend  on  type  and 

size/dimensions  of  the  balancing  of  control  surfaces  of 
height/altitude.  Fol  an  elevator  with  overhang  balance  during  the 
precomputations  these  derivatives  can  be  determined  by  the  following 
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empirical  formulas: 


m*»  = — 0,14 

mV°=-  o,12 


t('~X6x)‘ 


u P.O* 


(12.  14) 
(12.  15) 


where  the  S0. K * the  area  of  overhang  balance. 


With  an  increase  in  the  ratio  of  the  area  of  overhang  balance  to 

5 i 

the  area  of  the  elevator  of  the  derivatives  of  mj<,  and 

, m^r*  . decrease  and  with  £u«=o,28  beccme  zero.  A further 
increase  in  the  area  of  overhany  balance  leads  to  the 
overcompensation  of  elevator,  which  is  inadmissible,  since  in  this 
case  pilot  experience/tests  opposite  on  sign  stick  force. 
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The  change  in  the  hinge-moment  coefficient,  caused  by  the 
deflection  of  the  elevator  trim  tab,  is  determined  by  the  following 
empirical  formula: 


Am'- 


(12.  16) 


where  the  $T  - the  area  of  trim  tab;  the  bt y is  determined  the 

mean  chord  of  that  part  of  the  control  on  which  is  arranged  trim  tan; 
the  b , are  the  mean  chord  of  entire  elevator;  bt  -the  chord  of 
trim  tab  (Fig.  12.9)  ; the  t»  - angle  of  deflection  of  trim  tab  in 
radians.  The  compressibility  of  air  has  a great  effect  on  the  value 
of  hinge-moment  coefficient. 


Kith  the  onset  of  shock  stall*  the  center  of  pressure  of 
elevator  is  moved  back/ago;  therefore  the  hinge  moment  by  transonic 
speeds  shaLply  grow/rises.  At  transonic  and  supersonic  speeds  hinge 
moment  is  so  great  which  is  difficult  tc  control/guide  aircraft 
without  hydraulic  booster.  The  character  or  a change  in  the 
hinge-moment  coefficient  of  the 
number  is  shown  in  Fig.  12.10. 


of  elevator  in  flight  mach 
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For  supersonic  speeds  the  derivatives  of  m*»  and  mV™ 
be  determined  analytically,  by  utilizing  theory  of  the  supersonic 
sinilarity : 


«v° 


=m_ 


KM? 


02.17) 


can 
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12.4.  Force  feel  ot  elevatoi.  Stability  of  aircraft  with  the  freed 
control. 

Elevator  connect  with  steering  control,  kncb/stick  or  the 
control  actuator  ot  autopilot.  For  determining  force  feel  from 
elevator,  is  utilized  the  virtual  work  principle,  according  to  which 
the  wcrk  of  forces,  eguilihrous,  is  equal  to  zero  during  any  virtual 
displacements.  For  the  balancing  of  hinge  moment  to  control  lever  (to 
[ steering  control,  to  knob/stick,  the  st.ock/rod  of  the  control 

actuator  of  autopilot)  it  is  necessary  to  make  the  effort  of  PB. 

n 

Virtual  displacements  are  the  displacements  of  control  lever  along 
the  longitudinal  axis  of  the  aircraft  of  dxB  , and  deflection  of 
the  elevator  of  dbB  (Fig-  12-11)  • Let  us  compose  the  equation  of 
works  during  virtual  displacements,  by  disregarding  forces  of 
friction  in  the  control  system: 
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P.ix.+M 


Hence  force  feel  of  elevator 


P.=  -kmMm,  (12.  IS) 


where  the  *„,*■=— 1 - are  gear  ratio,  1/m. 


Positive  it  is  considered 
the  pulling  (on  itself)  force, 
the  value  of  hinge  moment  from 
account  (12.13)  we  will  obtain 


pressing  (from  itself),  and  neqative 
by  substituting  in  equality  (12.  1 H) 
relationship  (12.12),  taking  into 

t 
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p»  bmkr  nmm(fStbm. 


(12.  19) 


. In  turn,,  h inye- mome nt  coefficient  it  is  determined  by 
relationship  (12.13)1  therefore  force  feel  of  elevator  can  be 
presented  in  the  form: 


P.=  - Mr..  (”lmmK  +mLr  *°r.o  <?S,b,.  ( 12.  20) 


Paye  235. 


Is  of  interest  the  determination  of  the  effect  of  the 
displacement  of  the  center  of  mass  of  aircraft  to  pressure  on 
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knob/stick.  During  the  low  displacement  ol  the  center  ol  mass  it  is 
possible  to  write 


(12.21) 


- The  particular  derived  pi,  can  be  determined  from 

relationship  (12.20),  in  which  the  only  elevator  angle  depends  on 
position  of  center  of  gravity  in  aircraft: 


p*r  — .drj>  ..  dP»  &>'»  , 
dx-,  dt„  dx , 


( 12.  22) 


. In  turn,,  the  particular  derived  8*»  it  is  possible  to 

determine  from  formula  ( 1 2.  b)  ; 
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. Substituting  this  value  of  r't  in  equality  (12.22)  and 

taking  into  account  that  in  level  flight  the  lift  is  equil  to 

qr  a v i to  t loiiu  1 force,  1 . e.  , c we  will  obtain  expression  for 

' qS  * 

a change  in  the  force  feel  of  elevator  during  a change  in  the 
cente  ri ng: 


f*'  = *«*r..5A  -T-  T~- 


(12.23) 


. The  particular  derived  is  called  the  gradient  of  force 

to  the  elevator  lever  on  centering  and  is  the  important 
characteristic  of  the  longitudinal  static  controllability.  The 
gradient  of  PK  is  positive,  since  during  the  displacement  of  the 
center  of  mass  back/ago,  the  pressing  force  to  lever  increases,  which 
corresponds  to  the  deflection  of  control  down.  The  displacement  of 


/ 
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the  center  of  mass  Lick/ago  decreases  the  reserve  of  centering,  it 
lakes  the  longitudinal  static  stability  of  aircraft  worse. 
Consequently,  during  a decrease  in  the  reserve  of  the  longitudinal 
static  stability  on  g- force  for  the  balance  of  aircraft  it  is 
necessary  to  apply  the  supplementary  pressing  (positive)  force. 


In  the  target/purposes  of  the  more  in-depth  analysis  of  the 
conditions,  which  affect  the  value  of  force  feel  of  elevator,  let  us 
determine  the  pitching  moment,  which  acts  on  aircraft  with  the  freed 
steering  control.  In  this  case  elevator  itself  "selects"  this 
position,  called  balancing,  in  which  hinge  moment  is  equal  to  zero. 


Page  23b. 


The  deflection  of  control  in  the  balancing  position  of  ft,  e,  can 
be  determined  from  relationship  (12.13),  by  set/assuming  the 


mm-0: 
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. The  angle  of  attack  of  horizontal  tail  assembly  in  accordance 

with  formula  (9-30)  1 is  deteranned  by  the  dependence: 


, = «o  + T+/-r 


(i-f- 


(12.24) 


POOTNUTE  *.  Value  u in  the  first  approximation,  we  disregard. 
ENDPOCTNOTE. 


By  substituting  the  value  of  6».Ci  taking  into  account 


(12.13)  and  (12.24)  in  expression  (9. SI),  we  will  obtain  the  value  of 


DOC 


7617133b 


P AC  t 


the  coefficient  o t pitching  moment  with  the  freed  elevator: 

i 


"»,«=*=  '”.0  0 + (12.25) 


where 


mt»cn 


=m,0-f  m,,— 


(12.26) 

(12.27) 


The  value  of  «»<><■.— 


(coefficient  of  the  pitching  moment  of 
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aircr  alt  with  the  freed  elevator  with  of  cv  — 0—  can  be  changed  at 

will  of  pilot  by  a change  in  the  anqle  of  the  t„  of  the  deflection 
of  the  elevator  trim  tab  and  can  have  any  sign. 


The  value  of  mr*  is  called  the  criterion  for  the 

/ cm 

longitudinal  stability  of  aircraft  on  g-force  with  the  breed  control. 
Since  the  partial  derivatives  of  m*»,  m*-,  m'f  <*  are  negative,  it 

(^■“D)>0*  then 


mv 

9 cm 


<1 


'VI 


i.e.  the  stability  level  of  aircraft  on  g-fotce  with  the  release  of 
control  decreases.  Taking  into  account  that 


m'*=xx-xP,  (12.28) 


it  is  possible  to  consider  value 
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XF  c,  — XF  "4* 


m 


(12.29) 


as  the  longitudinal  focus  of  airccatt  with  the  freed  control. 


Page  2J7. 


With  the  release  of  elevator,  the  longitudinal  focus  of  aircraft 
is  displaced  forward  because  ot  a decrease  in  the  lift  increment  of 
horizontal  tail  assembly  with  an  increase  in  the  angle  of  attack, 
since  due  to  the  absence  of  stiffening  joint  with  tail  assembly 
elevator  will  be  deflected  upward,  stopping  "ir.  weat  her  var.  e"  along 
the  flow,  which  flows  around  tail  assembly.  In  ether  words,  the  basic 
increase  of  SYr. 0 will  be  created  by  stabilizer,  but  not  all  tail 

assembly.  Taking  into  account  relationships  (12.28)  and  (12.29) 
expression  for  determining  the  stability  level  of  aircraft  with  the 
freed  elevator  (12.28)  can  be  written: 
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. Let  us  deter  mine  now  the  value  of  force  on  the  steering 

control  of  the  elevator  control.  With  the  balanced  pitching  moment 
the  required  deflection  of  elevator  is  assigned  hy  formula  (12.6) , 
and  the  angle  of  horizontal  tail  assembly  is  determined  by  equality 
(12.24).  By  substituting  the  value  of  6,  and  «r.0  in  expression 

(12.13)  for  a hinge-moment  coefficient,  we  will  obtain: 
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oc,  taknuj  into  account  of  relationship  (12.25),  (12.2b)  and  (12.27) 


m...—  — 


m. 


(12.31) 


. In  the  general  case  the  value  of  mtct 
formula  (12.25).  Anonq  all  flight  conditions, 
■ode/conditions  oi  the  balanced  flight  durinj 
steer  ir.y  control  of  control  is  equal  to  zero. 


is  determined  by 
can  be  selected  this 
which  the  force  on  the 

i.e. , 


DOC 


7o  1 7 1 * Jt> 


PACE  -♦T* 

76/ 


m,  = m,  c„  = 0;  wm  = 0.  (12.32) 


- To  this  flight  conditions  correspond  the  completely  determined 

values  of  the  lift  coefficient  of  c„«  ana  velocity  head  of 
(bob  velocity  head). 


Page  238. 


Taking  into  account  conditions  (12. J2)  lor  the  mode/cond it  ions  of 
balance  for  force  it  is  possible  to  write: 


m^/n+m1#ri=0, 


by  deducting  this  equality  from  equality  (12.25),  we  will 
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obtai n: 


m * r„ 
l tl  v 


or  taking  into  account  cy  = — 

is 


m. 


-m',' 


. Now  expression  for  a h l nge- uiomen t coefficient  (12.31)  an 

example  is  the  form: 


a_ 

qS 


(12.33) 


By  substituting  this  expression  of  mm  i.n  formula  for 


determining  force  on  knob/stick  (12.19) 


we  will  obtain: 
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or  taking  into  account  the  value  of  the  gradient  of  force  on 
centering  (12.23) 


1 <-£)•  (“•»> 


• After  expressing  velocity  heads  by  the  appropriate  speeds 

■ach  numbers,  we  will  obtain  parabolic  comm  un  icat  ion/connect  ion 
between  force  on  knob/stick  and  flight  speed  (by  mach  number): 


P'<m 


'* 
t ca 


a nil 


(12.35) 
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The  graph/diagram  of  this  uependence  is  shown  in  Fig*  12.1*2. 


Since  for  the  stable  aircraft  of  and  mr » <"  0 in 

formulas  (12.34)  and  (12.15)  the  constant  factor  of  p*'m'u 

» z ci 

therefore  with  an  iacroase  in  velocity  head  the  pulling  force  on 
knob/stick  decreases;  with  q = qc  it  becomes  equal  to  zsro,  and 

then  passes  over  to  the  pressing  force.  Regularities  (12.34)  ar.d 
(12.35)  are  disturbed  with  the  onset  of  shock  stall  (Fig.  12.13).  The 
displacement  of  the  longitudinal  focus  back/ago  with  of  M>MKp 
leads  to  the  appearance  of  the  negative  pitching  moment,  for 
countering  of  which  the  elevator  must,  be  deflected  upward#  i.e.,  in 
transonic  zone  to  control,  can  be  applied  negative  (pulling)  force. 


DOC 


7b17133b 


Fig.  12.13.  Effect  of  mach  number  centering  on  control  force 

elevdtoi . 


Key:  (1).  At  the  angle  of  deflection  of  trim  tab  r = 0.04  is  glad, 

(2).  HAC. 
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12.5.  Improvement  in  the  characteristic  or  the  longitudinal  static 
cont  rol lability. 

The  handling  in  pitch  of  aircraft  can  oe  judged  from  the 
balancing  curve,  constructed  on  the  basis  of  formula  (12-34).  Since 
the  dependence  of  pt  on  g is  linear,  on  diagram  P,=<7  this 
dependence  will  be  represented  by  the  straight  line,  passing  through 
the  point  (0,  P\'t n^.)  and  sloped  toward  axle/axis  q at  an  angle  A 

pX  T ( V 

whose  tangent  is  equal  -•  m' f « (Pig-  12.1 4a).  During  analysis 

9>. 

let  us  proceed  from  the  condition  tnat  the  aircraft  is  assumed  to  be 
stable  both  with  "that  which  was  pressed”  (w,r*<0),  and  during  th» 
freed  (w»e»< 0)  control.  On  the  strength  of  this  condition 

expression 

* 

= (12.36) 

<h 


i..  e.  the  straight  line  composes  with  axle/axis  g positive  angle. 
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It  we  use  for  an  analysis  by  formula  (12.35)  and  to  construct 
the  g raph/diagr aa  of  the  dependence  of  ph=f(V),  then  it  will  seem 
the  parabola,  depicted  cn  Fig.  12.  14b.  For  a stable  aircraft  the 
tangent  with  axle/axis  OV  will  compose  angle  of  B: 

tgB  = -2P^m;^-j^.>0.  (12.37) 


. The  given  in  Fig.  (12.14)  curve/graphs  visually  show  the 

character  ol  a cnange  in  the  toLce  on  steering  control  depending  on 
the  value  of  velocity  head  or  velocity- 


rim  taL  on  control  force  plevitor. 
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It  can  seem  that  the  value  cf  force  exceeds  the  establ ished/instal led 
norms  and  the  aircraft  control  becomes  difficult;  therefore  for 
providing  a controllability  necessary  to  take  special  measures.  As 
such  measures  they  can  serve  the  a pplicat ion/ use  of  trim  tabs, 
balancers  and  springs.  Let  us  examine  first  of  all  the  effect  of  trim 
tab  on  balancing  curve.  For  the  different  angles  of  t»  will  be 

different  values  of  m,0c » and,  therefore,  bob  velocity  heads  or 
velocities.  A change  in  bob  velocity  head  or  velocity  will  involve 
change  in  angles  of  a and  B.  As  a result  let  us  have  a pencil  of 
straight  lines  and  a family  of  parabolas  (Fig.  12.14,  dotted  line), 
that  are  the  balancing  curves,  which  remove/take  or  the  increasing 
forces  with  the  steering  control  of  control. 


Thus,  tor  instance,  under  the  conditions  of  flight  appropriate 
q i , the  force  of  the  p,  with  of  t,=»0  is  determined  by  cut  CD, 

but  with  r 2 the  force  considerably  less  is  determined  by  cut  CE.  The 
installation  diagram  of  balancer  and  spring  is  shown  in  Fig.  12.15. 

i 

In  actuality,  they  can  be  established/installed  on  any  com  pone  nt/li  riK 
of  the  control  system  where  this  will  seem  convenient  designer- 
Balancer  and  spring  depending  on  installation  diagram  can  increase  or 
decrease  the  torce  on  steeL  ing  control,  wheieupon  during  t he  straight 
flight  of  aircraft  balancer  and  spring  change  force  to  one  and  the 
sa*e  value,  independent  of  the  velocity  of  its  pressure.  In  flight 
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along  the  curved  path  of  (nv^h 0)  the  force  from  spring  will  not  he 

changed,  but  effect  froi  balancer  will  be  proportional  nv. 


Joint  effect  from  the  effect  of  trim  tab  and  spring  or  balancer 
is  explaind  in  an  example.  Let  us  assume  that  the  balancing  curve  is 
such,  that  P!< 0.  Then  with  the  aid  of  balancer  or  spring  we 

displace  it  equidistant ly  down  (dotted  line  in  Fig.  1^.16) , and  then, 
deflecting  the  trim  tab  down  of  (t,>0),  we  give  to  it  positive 
slope/inclination.  In  Fig.  11-16  slope/inclination  is  selected  so 
that  balancing  velocity  head  would  not  be  changed#  although  this  is 
not  necessarily. 
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Usually  is  utilized  the  special  ad  justable  cu  the  earth/ground  ttiir 

tab. 


At  transonic  and  supersonic  speeds  the  center  of  pressure  ot 
elevator  is  moved  back/ago;  therefore  the  force  feel  of  ?a 
sharply  grow/rises.  On  contemporary  aircraft  with  transonic  arid, 
especially,  supersonic  flight  speeds  the  force  feel  so  big  ♦’hat 
exceed  pilot's  physical  possibilities-  In  this  case,  due  to  the 
center-of- pressure  travel  of  elevator  over  tlight  mach  number  it  is 
not  possible  to  select  the  compensation,  acceptable  Doth  for  subsonic 
and  supersonic  speeds.  If  we  select  compensat.  ion  from  the  calculation 
for  flight  at  supersonic  speeds,  then  at  subsonic  speeds  will  occur 
over  compensation,  which  is  inadmissible- 

A nonumforn  change  in  the  force  feel  of  elevator  in  flight  mach 
number  upon  transition  through  tht  speed  or  sound  makes  the 
characteristics  ot  the  longitudinal  static  controllability  worse.  For 
an  improvement  in  the  characteristics  of  the  longitudinal  static 
controllability,  are  applied  the  amplifiers  whose  problem  first  of 
all  entails  a decrease  in  the  force  feel  of  elevator. 
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Questions  tor  repetition. 

1.  will  the  plane  possess  the  longitudinal  static  stability,  if 
as  a result  of  the  load  of  aircraft  the  center  ot  mass  did  prove  to 
be  behind  the  longitudinal  focus? 

2.  How  will  be  changed  longitudinal  stability  factor,  if,  other 
conditions  being  equal,  engine  nacelles  from  wing  are  transferred  to 
aft  fuselage  section? 

3.  Will  be  changed  the  position  of  balancing  curve  for  a 

statically  stable  aircraft  (see  Fig.  12. 6,  mcty  <0),  if  the  angl-> 

of  stabilizer  setting  of  that  arrange/located  in  tail  aircraft 
component,  is  increased  on  several  degrees? 

Page  242. 


4.  Explain,  why  for  the  statically  stable  aircraft  ot 
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5.  Explain,  as  affects  inaci.  number  balancing  curve  on  g-force 
and  on  speed. 


6.  Which  characteristics  of.  aircraft  do  change  and  as,  if  with 

A 

the  load  of  aircraft  the  center  of  gravity  did  prove  to  be  in  front 
of  maximally  bow  heaviness? 


7.  Explain  the  designation/purpose  of  ha  lancers  in  the  system  of 

controls. 

Problem. 

A change  of  the  position  of  center  of  gravity  in  aircraft  that 
134  in  flight  because  of  the  consumption  of  fuel/propellant  is 
possible  within  limits  from  30  to  Ho/o  MAC.  To  determine  the 
elevator  angle  with  of  £=o,37,  if  it  is  known  that  with  *7=0.30 

and  at  flight  speed  with  mach  number  =0.8  elevator  angle  is  equal 
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A.=d,003  s^<2-oL-  It  is  given:  G = 380. 000  n,  5 Kp  = 1 15  , 

flight  altitude  H = 10.000  m,  rlight  speed  during  a change  in  the 
centering  remains  constant,  the  elevator-effectiveness  derivative 
during  the  indicated  state  of  motion  is  determined  by  the  value  of 
m/=— o,647.  The  answer/response:  *>  = +0,0268 


Page  243. 


Chapter  0*t  XIII. 


:/sta 


LATERAL  STATIC/STABILITY  AND 


7 1 

(aircraft 


HANDLING. 


The  lateral  static  stability  is  determined  by  the  oehavior  of 
aircraft  with  respect  to  axle/axis  Ox,  (lateral  stability)  and  to 
axle/axis  Oy,  (is  weather  cock,  or  path,  stability).  The  lateral 
static  aircraft  handling  is  determined  by  the  deflection  of  controls 
and  by  the  forces,  which  appear  on  control  levers,  for  the  balancing 
of  the  lateral  tor gue/m omen ts  in  tne  steady  flight. 


DOC 


7(>  1 7 1 J Jb 


P AO  t 


The  need  tor  the  balance  ot  the  lateral  forces  and 
torquo/momen ts,  which  act  on  aircraft  in  uniform  rectilinear  motion, 
appears  in  flight  with  slip,  with  the  unsymmetric  thrust/rod  oi  in 
the  cases  of  the  d ist u r la nce/bi ea kdow n of  geometric,  rigid  or 
aerodynamic  symmetry.  In  the  curvilinear  steady  motion  the 
organ/controls  ot  the  lateral  control  can  be  deflected  in  the  absence 
of  slip,  it  aircraft  rotates  relative  vo  axle/axes  Ox,  and  Oy,.  just 
as  in  the  case  ot  handling  in  pitch,  here  important  characteristic  is 
the  change  in  the  forces  on  control  during  the  lateral  balance  of 
aircraft. 


13.1.  Lateral  static  stability. 


Lateral  stability.  If  during  a change  in  the  roll  attitude  is  a 
tendency  toward  the  restoration/reduction  of  its  original  value, 
which  means,  an  aircraft,  it  possesses  lateral  stability,  i.e.,  by 
static  stability  on  roll  attitude-  It  should  be  noted  that  a chanqc 
in  the  orientation  of  the  aircraft  of  relatively  earth-based 
coordinate  system  does  not  affect  the  aerodynamic  forces  and  the 
torque/momen ts,  which  act  on  it.  Therefore  the  bank  of  aircraft  does 
not  lead  to  a change  in  the  acting  aerodynamic  loading  and, 
therefore,  to  the  appearance  of  a torque/momen  t,  which  reduces 


s » 
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starting  position.  In  this  cast  the  aircraft  in  transverse  relation 
is  statically  neutral.  . . 


Then  does  arise  the  question:  that  to  understand  by  lateral 
stability  of  aircraft?  Let  us  observe  the  behavior  of  aircraft  with 
bank  durinq  the  small  interval  of  tine.  For  the  initial  motion  let  u 
accept  level  flight  with  the  zero  angle  of  Lank. 
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Fig-  13.1.  Diagram  of  the  forces,  which  act  on  aircraft  with  hank. 
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Of  the  initial  motion  the  sum  ol  the  forces,  which  act  on  vertical 
line,  is  equal  to  zero,  i.e.  , 

Y + C =0. 


. If  under  the  action  cf  the  perturbation  factors  aircraft 

inclined  itself  to  anqle  y (Fig.  1j.  1),  then,  since  into  zero  time 
the  values  of  the  anqle  of  attack  and  lift  do  not  change,  equality 
(y  / = /g  / it  is  retained. 

However,  vector  sum 

V+7}  4 0. 


. The  unbalanced  sum  of  the  forces  of  (F-l-G)  > produces 

increasing  motion#  and  since  it  ions  not  lie/rest  at  the  plane, 
normal  to  the  plane  of  symmetry,  cnanqe  the  angles  and  attack.  The 
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coaponeuts  of  this  sum  along  the  axes  Oy,  and  Ozj  are  e-jua  1 to: 


Kt=G(1  — cosyU  (13  jj 
Z,  = G siny. 


• At  small  angles  cf  the  Lank  of  expression  (13.1)  takes  the 

for*  himself 


Kt=eO:  Z,*Oy. 


. A change  of  tt.e  angle  of  attack  in  this  case  can  be 

disregarded  as  small  second-order  quantity. 


For  time  t after  the  banking  of  the  plane,  it  acquires  rate  of 
sideslip,  equal  to 
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The  slip  angle,  caused  by  this  motion,  is  defined  as 


. Thus,  the  bank  of  aircraft  is  the  reason  tor  the  amor  fence  of 

the  lateral  forward  motion  to  the  side  of  bank  and,  therefore,  by  the 
reason  for  the  appearance  of  a slip  for  the  omitted  winj.  If  aircratt 
possesses  lateral  stability,  then  with  slip  appears  the  rolling 
moient,  directed  against  the  direction  of  bank,  otherwise  roll 


attitude  it  will  grew 


DOC 


7<  17  1 3Jh 


PAGE 


7SV 


If  7 > 0,  then  also  Ap  > 0,  but  rolling  moment.  must  be  negative  in 
order  that  aircraft  would  have  a tendency  toward  output/yield  froin 
bank.  That  means  aircraft  approaches  the  liquidation  of  bank,  if  is 
fulfilled  inequality  1 - 


<?-H.  t 
di 


= M<  0 


or 


< 0. 


FOOTNOTE  >.  In  this  paragraph  the  torque/morae nts  are  calculated 
relative  to  body  axes  Ox,i  0 y , ; in  the  designations  of  t or que/ moment 
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index  “I"  for  the  simplicity  of  the  writing  of  formulas  is  lowered. 
ENDFOOTNOTK. 


It  is  not  difficult,  to  be  convinced  of  the  fact  that  in  the  case 
of  wir>0  the  emergent  roll  attitude  will  grow/rise,  so  rolling 
moment  acts  to  the  side  or  slip  (bank)  - Thus,  on  the  sign  of  the 
derivative  of  m?r  it  is  possible  to  judge  presence  ol  absence  of 
lateral  stability,  and  by  its  value  - the  stanility  level  or 
instability.  Therefore  derived  m*x  is  called  criterion,  or 
degree,  lateral  stability.  Lateral  stability  of  (m?r<0)  or 
instability  of  the  (w,r>0)  of  aircraft  can  be  judged  from  its 
behavior  with  slip.  If  with  slip  is  a tendency  toward  ban*  to  the 
delaying  wing,  aircraft  in  transverse  relation  is  stable. 


The  degree  of  lateral  stability  of  aircraft  and  the 
rolling-moment  coefficient  (see  Chapter  X),  depends  on  wing  planform, 
its  dimensional  ch a rac ter istics,  interference  between  the  wing  and 
the  fuselage,  the  angle  of  attack  and  mach  number.  The  special 
feature/peculiarity  of  aircraft  with  sweptback  wing  is  an  increase  in 
the  degree  of  lateral  stability  with  an  increase  of  angle  of  attack. 
The  value  of  m\  can  be  calculated  according  to  formula  (10. 19). 
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Excessi vel y the  large  stability  the  reason  tor  tne  emergence  of 
the  lateral  oscillating  motions,  which  impede  piloting  at  high  angles 
of  attack..  To  avoid  this  unpleasant  phenomenon  to  winy  is  given 
negative  angle  dihedral,  that  it  is  not  possible  to  consider  the 
radical  means,  which  ensures  the  necessary  degree  of  lateral 
stability  in  ali  flight  conditions,  since  at  low  angles  of  attack 
in'ri,  does  not  depend  on  a (Fig.  13.2)  . 


In  flight  with  the  slip  with  of  effective  mach  numl  ers 

of  pushed  torwurd  and  delaying  wings  are  different;  therefore  changes 
in  the  c\—f{ M)  for  these  wings  will  not  be  identical,  the 

approximate  giaph/diagrams  of  the  dependence  of  r*=/(M)  for  swept 
wings  with  relatively  thick  and  fme/thin  airfoil/profiles  are  given 
in  Fig.  13.3.  In  the  range  cf  numbers  the  lift 

effectiveness  of  t.  he  delaying  wing  with  relatively  thick 
air fo il/prof i le  ate  more  than  pushed  forward  one  along  flow,  i.e.,  in 
this  range  of  mach  numbers  aircraft  in  transverse  relation  is 


unsta  ble 
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Of  wing  with  relatively  fine/thxn  a ir f cil/ prof i ler  this  phenomenon  is 
not  observed,  in  the  range  cf  numbers  A1,<M<M2  a iifferonce 

in  the  wings  on  c\  is  small.  It  we  give  to  wing  reverse/in vei se 
dihedral,  then  the  field,  where  the  aircraft,  is  unstable,  in  the 
first  case  will  bo  expanded,  and  in  the  second  - only  it  will  appear. 


The  absence  of  lateral  stability  - the  phenomenon  is 
undesirable,  since  it  brings  to  the  so-called  reverse  reaction  of 
plane  tor  bank  l. 


FOOTNOTE  1 . On  this  guestion  see  11.2.  EN  L'FOOTNOTE. 


On  some  contemporary  passenger  aircraft  with  swept  or  delta 
wing,  re verse/in verse  V is  not  applied,  but  the  unsat istac t ory 
characteristics  of  the  lateral  stability  of  aircraft  during  motion 
with  high  angles  of  attack  ate  improved  with  the  aid  of  automatic 

means. 


Weathercock  stability,  by  weathercock  stability  is  understood 
the  static  stability  of  aircralt  on  sli[  angle,  i.e.,  the  presence  in 
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the  aircraft  of  tendency  toward  the 

prese rvation/retention/ma intaining  of  the  preset  angle  of  slip 
without  the  interference  in  the  aircraft  control. 

Tn  aviation  literature  this  property  frequently  is  called 
directional  stability;  however,  this  term  it  cannot  be  recognized 
successtul,  since  path  (course)  stability  aircraft  does  not  possess. 

Weather  coc*.  stable  aircraft  behaves  as  weathervane  - attempts 
to  stop  along  flow. 

It  is  obvious,  aircraft  it  will  possess  this  property,  if  with 
slip  appears  the  static  moment  of  yawing,  directed  against  slip, 

i.e.,  the  sign  of  an  increase  in  the  torgue/moment  will  be  opposite 
to  the  sign  of  an  increase  in  the  slip  angle,  which  mathematically  is 
expressed  by  inequality 
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mj<  0. 

. The  value  of  mj  is  called  criterion,  or  degree, 

ifc, 

weathercock  stability.  With  mJ^O  the  aircraft  is  weather  cock 
unstable,  with  is  neutral. 


«• 
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Fig.  13.3.  Dependence  of  cJ=/(M)  for  ..wept  wings  with  the  slip:  a) 
wing  with  relatively  thicit  air  foil/ prof  i le ; b)  wing  with  relatively 
fine/ thin  a it  toil/ prof i le. 


Key:  (1).  pushed  forward  along  flow  wing.  (2).  Delaying  wing. 
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The  degree  of  weathercock  stability  is  ttie  important 
character ist  ic  of  the  aircraft:  than  is  stabler  aircraft  on  slip 
angle,  thereby  "more  closely  it  sits"  in  air,  i.e.,  the  lesser  it 
yields  to  the  perturbation  effects. 

Is  especially  important  the  value  of  the  criterion  for  m„ 
for  the  passenger  aircraft,  which  has,  as  a rule,  several  engines. 

For  an  aircraft  with  the  large  in  module/modulus  value  of  mj 
the  failure  of  the  lateral  engine  will  not  lead  to  difficulties  in 
piloting  l. 

\ 

FOOTNOTE  *.  This  case  of  flight  minutely  is  examined  into  13.3. 
ENDFOCTNOTE. 

The  degree  or  the  weathercock  stability  of  aircraft  in  essence 
is  determined  by  the  torgue/moments,  created  by  fuselage  and  vertical 
tail  assembly,  and  it  depends  on  wing  arrangement  relative  to 
fuselage  and  flight  mach  number.  The  value  of  can  be 

calculated  according  to  formula  (10.18). 
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By  analogy  with  stability  on  the  g-force  of  ml  it  is 
possible  to  express  with  the  aid  of  the  lateral  focus.  According  to 

formula  (10.  Id) 


m y — 


. For  passenger  aircraft  the  characteristically  even 

distribution  of  weight  along  fuselage  is  sufficient  great 
lengthening.  In  connection  with  this  the  center  of  mass  of  aircraft 
is  arrange/located  closely  to  the  middle  of  the  length  of  fuselage, 
and  therefore  from  the  condition  of  stabilization  for  g-forca  wing 
must  be  related  back/ago.  This  layout  contributes  to  an  increase  in 
the  destabilizing  torq ue/ moment  of  fuselage  and  to  a 
reduction/descent  in  the  weathercock,  stability.  The  only  real 


construction  means  for  an-  increase,  in  the  weatnercock  stability 


an 


increase  in  the  f m-a  n d- r ud  dei  area. 


For  passenger  aircraft  foi  the  tar get/purpcses  of  the 
better/best  use  of  a fuselage,  is  applied  high  or  low  wing 
arrangement  on  fuselage. 
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As  it  was  noted  in  chaptei  X,  with  the  high  wing  arrangement, 
the  lateral  taper  in  the  field  of  tail  assembly,  caused  by  wing-root 
interference  effect,  lowers  the  effectiveness  of  vertical  tail 
assembly  and,  which  means,  the  degree  of  weathercock  stability. 
Therefore  the  ensurence  of  the  necessary  degree  of  weathercock 
stability  for  such  aircraft  requires  even  a larger  increase  in  the 
vertical  tail  assembly,  setting  up  of  fin  both  on  top  and  from  below 
fuselage,  the  setting  up  of  supplementary  washers  on  horizontal  tail 
assembly,  etc. 


From  this  viewpoint  most  successful  is  the  layout  witn  low  wing 
arrangement.,  which  facilitates  an  increase  in  the  effectiveness  of 
vertical  tail  assembly. 


Of  supersonic  aircraft  with  an  increase  in  Mach  number, 
decreases  the  effectiveness  of  veitical  tail  assembly  (falls 
c*mn)  while  the  effectiveness  of  fuselage  (derived  r^) 

changes  weakly.  This  leads  to  a decrease  in  the  stabilizing  moment  of 
tail  assembly;  with  certain  mach  number  it  becomes  equal  to  the 
destabilizing  torg ue/moment  of  fuselage.  With  mach  numbers,  that 
exceed  this  value,  aircraft  loses  weathercock  stability  (Fig.  13.4). 
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13.2.  nalance  oi  aircraft  in  the  roct  llinfac  steady  flight  WITH 

slip. 


Ir.  the  rectilinear  steady  flight  in  a slip  to  the  aircraft, 
which  possesses  the  lateral  static  stability,  will  act  statically  the 
lateral  forces  and  torg ue/moments,  in  particular  the  lateral 
aerodynamic  force,  the  yawing  moment,  directed  to  the  siie  of  slip, 
and  the  moment  of  roll,  directed  to  the  side  of  the  delaying  wing 
(Fig-  13.5).  The  force  intensities  and  tor  iue/incments  are  determined 
from  the  formulas  of  chapter  X. 


For  the  balance  of  these  t org ue/tn omen ts,  it  is  nec  ssarv  to 
incline  aircraft  and  to  deflect  ailerons  and  rudder.  If  we  disregard 
the  yawing  mouie  it,  created  by  ailerons  during  their  deviation  (see 
10.2),  then  the  moment  conditions  of  equilibrium  and  lateral  forces 

can  be  written  in  the  form: 


A/x  - M ip  + M l/i.  + Af  > 8.  = 0, 
Af,-Af>  + Af„*-8M=0. 

Z=G  •lny+Z’p+Z‘-ta  — 0, 
Y — G cos  y**0. 


(13.3) 


r 


DOC 


7 6 1 7 1 3 3 


Pago  2U9. 


I 


fig.  13.b.  FOL 
flight  with  si 
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After  dividing  the  first  two  equation  in  qSi , and  the  thirl  -m 
qS  and  after  eliminating  G from  the  third  equation,  we  will  obtain 
the  equilibrium  conditions,  written  for  the  force  coefficients  and 
torque/ moments: 


c.  =cu  tg  Y + c\$  + r = 0. 


(13.4) 


. By  defining  from  the  obtained  system  of  equations  roll 

attitudes,  the  deviation  of  ailerons  and  rudder  as  functions  of  angle 
0,  we  will  obtain  the  balancing  values  of  these  angles,  necessary  for 
the  fulfillment  of  the  rectilinear  steady  flight  in  a slip: 
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(13.5) 


. For  d statically 

bank  to  the  side  of  the 

to  deflect  to  the  side  slips,  i.e.,  ailerons  during  the  pushed 
forward  relative  to  flow  wing  are  deflected  upward,  but  on  that  which 
delay  they  are  deflected  down. 


stable  aircraft  it  is  necessary  to  create 
pushed  forward  wing,  and  rudder  and  ailoront 
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The  balancing  diagram  oi  this  t Light  is  constructed  in  tne  to  mi 
of  the  dependences  of  fiH=/(p),  63=/(p)  and  j - f (a)  . 

Approximate  balancing  diagram  for  a statically  stabla  in  the  lateral 
relation  aircraft  is  given  to  4rir-  13.  b.  On  passenger  aircraft  the 
need  flight  in  a slip  appears  comparati vel y rarely.  This  flight  can 
be  utilized  during  crosswind  landing  or  in  flight  with  unsymmetric 
thr  ust/rod. 


Cross  wind  produces  airplane  drift  relative  to  takeoff  an  3 
landing  strip;  in  order  that  motion  would  occur  along  band  runways, 
necessary  the  agreement  of  the  vector  of  the  ground  spe>-d  of  aircraft 
with  the  axle/axis  of  band,  which  is  reached  by  flight  in  a slip 
(Fig.  13.7a)  or  with  advance/prevention  along  coui se  (Fig.  13.7b).  It 
is  possible  also  to  make  motion  with  slip  and  simultaneous 
advance/prevention  along  course,  in  flight  with  slip,  the 
longitudinal  axis  of  aircraft  is  directed  along  landing  strip,  and 
the  slip  angle  is  determined  ty  equality 

p=&sfr,p 
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• In  this  case  the  required  deviations  of  the  organ/contr ois  of 

the  lateral  control  can  be  four.a  from  conditions  (13.5).  For  the 
pieservation/retent ion/mainta ining  of  the  straightness  of  motion,  the 
aircraft  one  should  incline  for  leeward  wing.  Before  the  contact  ) y 
wheels  runways,  the  aircraft  is  der ive/concluded  from  bank  by  the 
deviation  of  steering  control  in  tae  direction  of  wind.  It  *-he  degree 
of  lateral  stability  is  great,  then  requited  the  deviation  of 
ailerons  for  the  balance  of  the  torque/iuoment,  caused  by  slip,  will 
be  considerable. 


Page  251. 


On  aircraft  with  swept  or  deltas,  the  degree  of  lateral  stability 
increases  with  an  increase  of  Therefore  for  such  aircraft 

during  crosswind  landing,  the  required  aileron  deflections  can  turn 
out  tc  be  unacceptable. 


If  the  prelanding  flight  with  cross  wind  is  made  with 
advance/prevention  on  course  of  angle  #>=  W/v,  i.e.,  the  nose  of 
aircraft  is  expand/developed  to  the  side  of  wind,  then  slip  is 
absent,  and  therefore  there  is  no  need  for  for  the  balance  of  the 
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lateral  forces  and  torque/nonents;  however  before  the  contact  by  the 
wheels  of  the  Earth  aircraft  must  be  ex  pa  nd/de vel oped  on  band. 


in  flight  during  the  deflection  of  rudder,  appears  the  side 
slip,  o, posite  to  the  direction  ot  the  rotation  of  control.  In  this 
case  on  aircraft,  acts  the  moment  of  roll,  determined  by  the 
rolling-moment  coefficient: 


'"r  = *"8»- 


. Let  us  assume  that  the  bank  of  aircraft  under  the  action  of 

the  moment  of  roll  occurs  at  the  establish/installed  angular 
velocity,  determined  by  the  moment  condition  of  equilibrium  relative 
to  axle/axis  Ox,.  Then  during  the  roll  is  occur  re  la tionsh ip 

CT  + '"^  + m>*-=0- 


(13.6) 
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. After  eliminating  (3  ftoir.  equality  ( 1 3.  b)  with  tha  aid  of  t he 

third  equation  of  system  (13.5),  we  will  obtain  the  following 
expression  for  the  esta bl ish/ir.stalled  angular  rate  of  rotation  of 
the  relatively  longitudinal  axis: 


“jrjcT 


— +«>)»..  (13-7) 

«/  \ K J 


. From  function  (13.7)  it  follows  that  with  0 and  the 

negative  value  of  the  expression,  which  stands  in  brackets,  and  the 
positive  deviation  cf  rudder  (to  the  right)  the  aircraft  will  heel 
for  left  wing  (o>*yCT<0),  i.e. , will  occur  reverse  reaction  for 

bank  to  the  deflection  of  rudder.  The  negative  value  of  expression 


(13.8) 


or 
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(13.9) 


places  certain  conditions  on  the  coefficients  of  derived  aerodynamic 
couples,  since  the  derivatives  of  m\,  m'»,  m'»  are  less  than 

zero,  condition  (13.9)  can  be  made  even  with  m^<0.  i.  e.  , stable 
in  transverse  relation  aircraft. 
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Thus,  statement,  that  the  reverse  reaction  for  bank  to  the 
deflection  of  rudder  has  a place  for  an  unstable  in  transverse 
relation  aircraft  (j$  13.1),  not  it  is  entirely  accurate.  Peverse 
reaction  for  bank,  to  the  deflection  of  control  is  observed  on  the 
aircraft,  which  have  the  low  degree  of  lateral  stability,  or  neutral 
in  transverse  relation  (m*  =0). 

/ 13.  j.  Balance  of  aircraft  with  failure  of  one  of  the  engines. 

The  engine  failure  on  aircraft  with  several  power  plants  is  the 
perturbation  factor,  which  produces  the  unsteady  disturbed  motion,  in 
process  of  which  change  the  kinematic  parameters  of  motion.  With 
failure  of  one  of  the  engines,  the  thrust/rod  of  left  and  right-side 
engines  is  dissimilar,  and  therefore  this  flight  frequently  is  called 
flight  with  unsymmetric  thrust/rod. 

By  disregarding  the  transfer  disturbed  motion  and  the  actions  of 
pilot  on  the  target/purposes  of  the  stabilization  of  position,  let  us 
examine  the  steady  rectilinear  flight  of  aircraft  with  failed  engine. 
Plight  can  be  made  either  with  slip  or  with  bank,  or  with  the  fact 
and  other  simultaneously,  if  slip  is  absent,  then  to  aircraft,  will 
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act  the  lateral  torque/ women ts,  caused  by  asymmetry  of  thrust  with 
respect  to  fore-and-aft  plane.  The  yawing  moment  is  created  by  thrust 
P of  the  engine,  symmetrical  to  that  which  was  failed,  and  by  the 
force  of  supplementary  resistance  AX  failed  engine. 


Page  253. 


The  heeling  tor gua/moment  is  created  transverse  by  tne  thrust 
component  of  engine  on,  and  for  aircraft  with  TVd  f TBH  - turboprop 
engine]  or  PD  [ nn  - instrument  panel]  - also  by  the  lift,  which 
appears  as  a result  of  the  unsymmet.ric  blowout  of  wing  by 
screw/propellers.  These  toLy ue/moments  according  to  Fig.  13.d  can  be 
determined  by  formulas 


M„=*—(P+±X)Zm,  | (13.10) 

= + Mjr  «»*'  ’ 


where  the  z„ 


the  coordinate  of  the  axle/axis  of  failed  engine 
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will 


By  passing  over  to  the 
obtain 


<gn> 

force  coefficients  and 


torque/moments. 


we 


(13.11) 


where 


• Now  under  conditions  or  the  equilibrium  of  the  lateral  forces 

and  torque/mouents  (13.4)  will  appear  the  lateral  torque/moments  from 
unsymnetric  thrust/rod  (13.11): 
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mx,+>n  *’  8,  -f  m‘*  «„  -f  mfJ — 0, 
mvP  + m'*  *„  + mj?« 0, 

*«  *K  Y +*?■*■ +*J?  — 0. 


(13.  12) 


. After  solving  system  of  equations  (13.12),  let  us  determine 

the  required  for  balance  roll  attitudes  and  the  rudder  angles  ana 
ailerons;  set/assuming  m,p*s 0,  we  will  obtain 


DOC  = 76171336 


PACii 


. In  flight  without  slip  with  unsyinmetric  thrust/rod,  ♦ he  trim 

angles  are  determined  from  formulas  (13.13),  in  which  one  should 
Place  6=0. 

If  1**1  is  small  (engine  off  is  arranged  closely  the  plane  of 
symmetry),  then  the  required  deflection  of  rudder  will  be  low.  But  if 
engines  are  arranged  at  considerable  distance  from  the  plane  of 

symmetry,  the  balancing  deflection  of  rudder  is  obtained  large. 
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In  order  to  avoid  the  h i cj  h expenditure  cf  rudder  i r.  balanc*-*,  it  is 

* 

better  flight  to  maxe  with  side  slip,  opposite  to  failed  engine.  Then 
the  static  moment,  caused  by  slip,  partially  balances  torque/moment 
from  the  engine  thrust  and  the  required  deflection  of  rudder  it 
decreases,  it  is  obvious,  in  this  case, the  required  aileron  angle  and 
the  cegu ired  roll  attitude  they  increase. 

Typical  for  a passenyer  aircraft  balancing  diagram  in  the  caso 
of  flight  with  the  inoperative  right-side  engine  is  given  in  Fig. 

13.9. 

It  is  not  difficult,  to  test  that  in  flight  with  side  slip  with 
engines  on  the  required  rudder  anqie  decreases,  but  qrow/rise  the 
aileron  angle  and  the  roll  attitude  in  comparison  with  coordinated 
flight.  This  flight  is  made  with  aircraft  with  large  |2nJ. 

And  finally  flight  with  unsymraetric  thrust/rod  without  bank  can 
be  satisfied  with  side  slip  with  the  shut-down  engine.  This  flight 
frequently  is  applied  in  severe  weather  conditions.  The  required 
angles  of  deflection  of  controls  and  the  required  slip  angle  in  this 
case  are  determined  from  relationship  (13.  13)  with  y = 0. 
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Pages  255-279. 

^ 13-4.  Balance  of  forces  and  torque/moments  in  the 
establish/installed  curvilinear  motion. 


In  curvilinear  motion  even  in  the  absence  of  slip  appears  the 
need  for  the  balance  of  forces  and  moments  with  respect  to  all  three 
axle/axes  of  aircraft,  if  only  the  plane  of  the  motion  of  the  center 
of  mass  of  aircraft  it  does  not  coincide  with  the  plane  of  symmetry. 
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This  need  is  caused  by  the  Lotat ion/re vol ut ion  of  aircraft  relative 
to  axle/axes  Ox,,  Oy,  and  Oz,,  in  consequence  of  which  on  it  they  act 
the  damping  and  spiral  moments,  without  balancing  of  which  is 
impossiole  the  execution  of  the  assigned  curvilinear  motion. 


Let  us  examine  as  an  example  the  balance  of  forces  and 
torque/momen ts  with  standard  rate  turn.  In  this  case  the  aircraft 
rotates  relative  to  vertical  axle/axis  at  constant  anjulat  velocity  u 
(Fig.  13.10);  the  center  of  mass  moves  in  horizontal  plane,  and  the 
plane  of  symmetry  is  sloped  toward  it  at  an  angle  y.  The  components 
of  angular  velocity  u on  the  basis  of  body  coordinate  system  are 
respectively  equal  to: 


•,=»sin 

= » cos  8 cos  y, 
“i™  — t*>cos  l*  sin  y- 


(13. 14) 


If  we  are  restricted  to  the  low  pitch  anqles  (with  standard  rate 


turn  9 * a),  of  formula  (13.14)  it  is  possible  to  write  in  the  form 
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»„«<■>  cos  y. 
<d,~— (uslny- 


(13.  15j 


The  required  control  deflections  for  the  balance  of  the  acting 
on  aircraft  torque/moments  we  find  from  conditions 


m* = m>x  + *»>,  + "»>*.  + m>  8. = 0. 
my = m'y**z -f  m'^wy  -f  m*" «M, 
mM^m,0+me/fy-{-m^iU,  -f  m *»8„  = 0, 


(13. 16) 


where 
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The  value  ot  the  required  thrust  of  engine,  necessary  for 
determining  find  frcir  condition 


2*“°- 


Page  25b. 


Since  motion  estaolish/iristal  led  (a-  const), 

M)  =0. 


By  taking  into  account  value 
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and  dependence  (13.15),  after  the  solution  to  equations  (13.16) 
relative  to  the  anqies  of  deflection  of  controls  we  will  obtain  their 
following  values: 
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With  the  right  bank/turn  the  signs  of  S and  S are 

3 H 

changea  by  opposite,  while  the  sign  of  <Sfl  does  not  depend  on  the 
direction  of  tarn. 


Thus,  during  the  execution  of  standard  rate  turn  elevator  is 
deflected  additionally  upward  (in  comparison  with  horizontal  by 
flight  at  the  same  velocity),  rudder  and  ailerons,  as  a rule,  art 
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deflected  to  the  side  of  bank/turn  (bank)  . 

The  required  control  deflections  with  standard  rate  turn  arc  not 
contained  by  the  values,  determined  by  formulas  (13.17). 

Supplementary  deflections  will  be  required  tor  the  balance  of 
yyroscopic  torque/moments  and  torque/moments  from  the  Coriolis 
forces,  which  act  on  those  which  are  moving  relative  to  the  aircraft 
of  mass  ( f ue 1/ptope 11a nt  on  conduit/manifolds,  air  in  air  intakes  T PD 
[ turbojet  engine],  gases,  etc.). 

With  the  steady  turn  SOS  £sel f-oryanizing  system]  with 

slipping  of  the  oalanciny  aileron  angles  and  rudder  are  determined  in 
the  form  of  the  sum  of  the  values,  determined  by  expressions  (13.17) 

and  ( 13.  4)  . 

$13.5.  Hinge  moments  and  forces  in  the  thrust/rods  of  the 
organ/controls  of  the  lateral  control. 

The  forces,  applied  by  pilot  to  steering  control  and  pedals  for 
deflection  or  retention  of  ailerons  and  rudder  in  the  deflected  tor 
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the  balance  of  the  lateral  torq ue/ moments  position,  are  proportional 
to  the  moments  of  the  aerodynamic  forces,  which  act  on  control  and 
ailercns  relative  to  the  joints  of  the  suspension  of  these  controls. 


Fig.  13.11.  scheme  o£  control  of  ailerons 
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By  hinge  moments  are  defined  also  the  forces,  which  act  in  control 
rods;  therefore  these  toryue/moments  must  be  known  both  luring  the 
automatic  control  or  with  application/use  of  booster  drives  and  with 
pilot's  direct  participation  in  the  latetal  control. 


Dunny  the  aileron  deflection  of  positive  angle  (Fig.  11.11) 
(upward  - for  left  and  down  - for  right  ailerons)  relative  to  the 
joints  of  their  suspension  will  act  the  aerodynamic  couples:  neyative 
- for  right  and  positive  - tor  left  ailerons.  These  torgue/moments 
can  be  determined  by  the  formulas  of  similarity 


^ui.iip  — mu  np9>Ssl^». 


where  the  <S»i.  b9 — area  and  aileron  chord. 


From  fundamental  scheme  of  control  of  ailerons,  it  is  evident 
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that  the  force,  which  acts  on  steering  control  (or  in  control  rods), 
depends  on  a difference  in  the  hinge  moments,  i-e.,  on  vilue 


(13.18) 

and,  is  ccjuclI  (13.19) 

Tlie  gear  ratio  of  force  from  ailercn  to  steering  control  or  to 
control  actuator 


wnere  x - the  linear  displacement  of  steering  control  or  thrust/rod, 
that  transmit  force  to  contror  actuator,  depending  on  that,  is 
determined  force  on  steering  control  or  in  thrust/rod. 


The  force  of  P^>  0 \ it  it  m directed  to  the  side  of  the  right 
wing.  The  hinge  moment  of  M 9 is  accepted  to  relate  to  the  total 

area  of  ailerons,  i.e. , 


DOC  = 7b 1b 1 3 36 


PAGE  +* 


*3L  L 


where  the  S,«=2S,|. 


The  hinge-moment  coefticient  of 
(13.18)  is  equal  to 


yri 


U/.3 


( 13.  20) 


according  to  formula 


(13.21) 


Page  258 
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The  coefficient  of  tn^/  ^ depends  on  the  angles  of  attack  and 
aileron  deflection,  and  also  fiom  Mach  number  of  flight-  At  low 
angles  of  attack  dependence  linear  and  its  terras  can  be  represented 

in  the  form 


"’lu.np  mul«npa*np 


m *»  A 

iu  n np  ».npi 


m''  f.  „ 

hi  n -i  ».*» 


(13.22) 


where  the  fn'ui m,  ntm  * «p — derivatives  of  the  h inge- momen  t 

coefficients  of  ailerons,  detet rained  in  the  cross  sections,  normal  to 
the  aerodynamic  center  line  of  wing;  u„iti»  are  angles  of  attack 

in  these  cross  sections. 


If  the  aileron  deflection  upward  and  downward  is  equal,  t.^n 
-S  . Subsequently  we  will  be  restricted  to  the  examination  of 

A.np 

this  case.  By  taking  into  account  comraunicati on/connect  ion  between 
the  angle  of  attack  of  chordwise,  normal  to  aerodynamic  center 

line,  and  the  angle  of  attack  a chordwise,  parallel  to  the  plane  of 


I 
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the  symmetry  of  sweptback  wing,  and  also  of  the  relationship  of 
<7«“  ^cos!x  and  6^  = 69.  frcm  foimulas  (13.24  we  will  obtain  the 
following  values  of  the  h inge- moment  coefficients  of  ailerons  in 
flight  with  the  slip: 


m...  = — — — u cos  (y  — p)  l-  8,  cos*  (/  — ?), 


COS  / 

cos  x 


C0S2  X 

6. 


mu, = — — a cos  (y.  + P) — 8,  cos*  (y  + P). 

COS^  1 


Substituting  the  value  of  m ^ and  in  formula  (13.21) 

w.  np  ut.jt 

and  being  restricted  to  low  values  3,  (sine  3 = 3,  cos  3 = i)  , ve 
will  obtain  for  ^ expression 


\mm 


ap  tg  x 


( 13. 23) 


From  this  expression  it  follows  that,  in  the  first  place,  in 


flight  with  slip  in  the  aileron  control  rods  they  will  be  to  act 
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forces  even  in  their  neutral  position  of  C€  =0)j  that  is  not  observe  1 
on  aircraft  with  unswept  winy;  in  the  secoud  place,  th^  forces,  which 
act  in  the  aileron  control  Lods  in  the  absence  of  slip,  th^y  do  not 
depend  on  angle  of  attack;  cn  aircraft  with  unswept  winj  and  ir 
flight  with  slip  occurs  the  invariance  of  hinge  moment  of  the 
aerolons  and,  consequently,  also  the  invariance  of  forces  on  angle  of 
attac  k. 


The  coefficients  of  and 

of  formulas  (12.14)  at  (12.15),  if 


0.  X.  3 


and  5_ 


s 

can  be  designed  with  the  aid 
Sc  n and  they  are  replaced 


The  values  of 
increase  of  number 


and  -m  significantly  change  with  an 
M.  An  example  of  the  dependence  of  these  values 


from  Mach  number  is  given  in  Fig.  13.12. 
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The  forces,  wnich  act  on  the  control  pedal  of  rudder,  are  determined 
by  hinge  moment.  ■ l th  the  deviation  of  the  rudder  to  the  right  of 
(&H>0)'  appears  the  negative  hinge  moment  of  (Fig.  13.13), 

for  balancing  of  which  it  is  necessary  to  make  effort  to  the  right 
pedal.  It  is  accepted  to  consider  tne  pressing  force  by  the  right 
pedal  positive.  Then,  on  the  strength  of  the  virtual  worn  principle, 
we  obtain 


(13.24) 


The  gear  ratio  of  force  frcm  control  to  pedal 


where  the  dx  - the  linear  displacement  of  pedal, 

H 


According  to  the  theory  of  aerodynamic  similarity  the  hinge 
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moment  of  /V'|  can  be  represented  rri  the  forts 

UJ  • H 


M***=rm*.nk,»qSHb„  ( 13. 25) 


where  the  Su  , t>  - area  and  the  chord  cf  rudder;  Jc  q are  velocity 
M M 6.0  / 

head  in  the  field  of  vertical  tail  assembly. 

Hinge-moment  coefficient  ^ depends  on  the  effective  angle, 

rudder  angle,  Mach  number  of  flight.  With  low  p the  dependence  of 

"*«,  «(P.  6»)  can  be  written  in  the  form 

+*!&..,  (13.26) 


where  the  P—  «»—P^l  ~ angle  of  the  lateral  taper  in  the 

area  of  the  vertical  tail  assembly. 
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Page  2b0. 


The  coefficients  at  •»'*.  m'l,  can  be  determined  experimentally  oi 
the  calculation  according  to  the  approximation  formulas. 


The  character  of  a change  in  the  tp  H and 

S ('  . 

is  analogous  to  the  dependences  of  ^ UJ  =■  / CM) 
shown  in  Fig-  13-12. 


PZ 


P 

LU 


lr. 


a rid 


Mach  numbers 


A decrease  rn  the  liinge  moments  (forces)  of  ailerons  and  rudder 
just  as  tor  an  elevator,  is  achieved  the  use  of  aerodynamic  balance. 
On  the  ailerons  of  contemporary  high-speed  aircraft,  widely  is 
applied  internal  compensation.  On  ailerons  and  rudders,  directly 
controlled  by  pilot,  is  establ  ish/i  nsta  lied  the  aerodynamic  trim  tat), 
which  makes  it  possible  to  remove/take  forces  from  steering  control 
and  pedals  in  the  assigned  flight  conditions. 


§ 13.6.  Balancing  curves  on  forces  in  the  thrust/rods  of  the 


lateral  control 
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The  values  of  the  forces,  which  act  on  steering  control  and 
Pedals  dt  direct  control  of  these  organ/controls,  can  be  written  with 
the  aid  of  formulas  (13.19),  ( 13.  23),  ( 1 3.24)  and  (13.26)  in  the  fori 


P« „ q «f>.  J, 

/J»  — K,  ,S,b,t 1 4-  tg -/). 


Aet  us  examine  the  lateral  static  stability  with  the  release  of 
the  rudder  and  ailerons. 


If  rudder  is  freed,  then  h inge- momen t coefficient  * n -0' 

u/.H  > 

therefore  in  accordance  with  formula  (13.26)  rudder  spontaneously 
deflected  in  angle 
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( 13. 28) 


Substituting  this  value  of 
yawing-moment  coefficient  (13.4) 


CQ  in  expression  for  the 
, we  will  ottain 


whence  the  degree  of  the  weathercocx  stability  of  aircraft  with  the 
freed  rudder  is  equal  to: 


(13. 29) 
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The  release  of  rudder  will  lead  also  to  a change  in  the  deglee 
of  lateral  stability  whose  value  Can  be  determined,  after 
substituting  the  value  of  6^  from  formula  (13-28)  into  relationship 
(13.4)  and  by  set/a ssum i ng  in  this  case,  that  the  ailetons  are 

neutral : 


(13.30) 
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Sinctf  <<0.  ™;-<0.  m><0,  •^■<1.  that  m’„  >„», 

”r 

release  of  rudder  lowers  lateral  stability  of  aircraft. 


i . e . tne 


By  substituting  in  first  relationship  (13.27)  the  value  of  S 

hi 

fro»  (13.5)  and  by  taking  into  account  relationship  (13.29),  we  will 
obtain  expression  for  determining  pedal  force  of  control  of  rulder: 


/J«  = km.HSHb„kn 


uQ  - 


m'v  *.?• 


(13.31) 


tfence  it  follows  that  the  force,  that  act  on  pedal  in  flight  with 
slip,  is  proportional  to  the  degree  of  the  weathercock  stability  of 
aircraft  with  the  freed  rudder  and  to  slip  angle. 


Dy  discussing  analogously,  from  relationship  (11.23)  it  is 
possible  to  determine  the  angle  to  which  will  be  deflected  with  slip 
the  freed  ailerons: 
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in  this  case  to  aircraft  will  act  the  moment  of  roll 


"»*  « = - m afttg /. 


Hence  the  degree  of  lateral  stability  with  the  freed  aileron 
can  be  written  in  the  form 


m 


1 I 

= atK*. 


(13.33) 


Thus,  the  release  of  ailerons  decreases  the  degree  of  lateral 
stability  of  swept-back  wing  dirplane  a«d  does  not  affect  lateral 
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stability  of  strain  ht- wing  airplane.  To  the  weather  cook  is  the 
reliability  of  stra iyht-wing  airplane.  To  the  weathercock  stability 
of  straight-wing  airplane.  On  weathercock  stability  the  release  of 
ailercns  in  effect  does  not  have  an  effect. 


For  a force  on  steering  control  it  is  possible  to  obtain  simpler 
expression,  if  we  into  formulas  (13. 27)  substitute  tha  value  of 
from  relationships  '13.5)  and  to  consider  relationship  (13.33): 


(13.34) 
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It  is  obvious,  from  formulas  (13.3  1)  , (13.34)  are  det  er  mi  ned  the 

forces,  which  must  be  applied  to  pedals  and  steering  control  for  the 
retention  of  ailerons  and  rudder  in  the  deflected  position,  caused  by 
requirements  for  the  balance  ol  the  lateral  tor que/moments  in  flight 
with  slip.  These  values  are  called  balancing,  and  the  curves  of  the 
dependences  of  on  angle  are  balancing  diagrams  (balancing 

curves)  on  forces  to  the  levers  of  the  lateral  control  (Fig.  13.14). 


The  balancing  curves  on  forces  are  the  important  characteristics 
of  the  lateral  static  controllability,  on  the  quality  of 
controllability,  the  pilot  judges  in  essence  by  those  forces  which 
for  him  he  is  necessary  to  apply  to  control  levers  for  the  balance  of 
torgue/momen ts  or  transition  from  one  flight  conditions  toward 
another.  Based  on  this,  balancing  curves  must  satisfy  tne  certain 
conditions,  outlined  below. 


1.  The  maximum  forces,  applied  by  pilot  to  levers,  must 
correspond  to  his  physical  possibilities#  tor  which  in  all  range  of 
the  possible  slip  angles  necessary  the  execution  of  the  inequalities: 
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1.  So  as  in  the  case  of  handling  in  pitch,  the  lateral  forces 
must  impede  a change  in  the  parameter,  which  characterizes  flight 
conditions.  Consequently,  to  a positive  increase  in  the  slip  angle 
must  correspond  the  negative  increase  of  pedal  forces  and  the 
positive  increase  of  forces  on  steering  control,  i.e.,  must  be  made 


condi tions 
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. Page  263.  According  to  relationships  (13.31)  anj  (13.34)  these 

conditions  are  satisfied  if 


«i..„ ^^<0, 


i.e.  if  aircraft  is  weather  cock  stable  with  the  freed  rudder  and  if 


K 


3.  If  the  permissible  transverse  acceleration  of  the  aircraft  of 
■f2  ^ is  restricted  to  the  renditions  of  the  comfort  (for  passenger 
aircraft)  or  of  strength,  then  output/yield  to  such  flight  conditions 
must  be  hinder/hampered  by  the  need  for  application/appendix  to  the 
control  levers  of  large  forces.  As  evaluation  criteria  of  this 
property  of  aircraft  serves  the  gradient  of  force  on  the  transverse 


accel er  at  ion : 
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(13.35) 


Taking  into  consideration  that  for  these  indices 

O Cy 

from  formula  (13.  11)  and  (13.34)  can  be  obtained 


P", 

N 

P"> 
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(13.36) 
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The  maximum  permissible  tiansv»*rse  acceleration  from  the 
conditions  of  the  comfort  of  the  passengers  it  must  not  exceed  value 
0.3-0. 4.  Consequently,  forces  on  steering  control  and  pedals  at  these 


1 
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sizes  ot  the  g-force  must  reach  the  values,  clcse  to  maximum.  i^v* 

of  forces  from  tne  levers  of  the  lateral  control  in  the  assigned 
flight  conditions  is  realized  by  aerodynamic  trim  tabs.  The 
size/dimensions  of  the  rudder  trim  tab  and  aerolons  select  on  the 
basis  of  the  conditions  of  the  possibility  of  relieving  forces  from 
pedals  and  from  steering  control  under  the  most  adverse  flight 
conditions  (failure  of  one  engine,  flight  in  a slip  with  high  cross 
wind , etc.  ) . 


On  the  supercr itical  rach  numbers,  the  forces  considerably 

5 tf 

increase  as  a result  of  intense  an  increase  in  the  m h and  3 

tU  aJ 


Page  264. 


Obtaining  the  acceptable  characteristics  of  the  lateral  static 
controllability  with  forces  over  a wide  range  of  flight  speeds  during 
direct  control  of  the  organ/controls  of  the  lateral  control  is 
impossible.  Therefore  in  the  system  of  lateral  control#  just  as 
longitudinal#  widely  are  applied  booster  drives. 
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PROBLEMS  FOR  REPETITION. 

1.  By  bank  to  which  winq  does  react  stable  aircraft  with  slip? 

i.  In  what  the  difference  between  the  weather  cock  and  path 
(course)  stability? 

3.  Which  str uctural/design  means  do  make  it  possible  to  ensure 

l transverse  and  weathercock  stability? 

4.  why  in  the  balanced  rectilinear  flight  in  a slip  is  necessary 
the  deflection  of  both  ailerons  ana  rudder? 

*>.  why  is  possible  the  setting  up  of  trim  tab  only  on  one  of  the 

a i ler  cns? 

6.  In  what  the  sense  ct  the  gradient  of  force  on  the  transverse 
acceleration  of  of  as  criterion  for  controllability? 
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